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EDITOR'S FOREWORD

Forest ecology deals with the forest as a biological community, with
the interrelationships between trees and other organisms which make
up the community, and with the relationships between these trees and
organisms and the physical environment in which they exist. Thus,
forest ecology embraces forest types and associations in relation to
their habitats or sites and the factors of the environment which are
responsible for their development and growth. Disciplines such as bi
ology, soil science, climatology, and plant geography are intimately
related to forest ecology.
Every graduate forester—whether he realizes it or not—completed at
least one course in forest ecology as a student. The course may have
been called "Foundations of Silviculture,” “Fundamentals of Silvicul
ture,” “Principles of Silviculture,” or “Theory of Silviculture,” but it
was basically forest ecology in context no matter what the name. Such
a course usually preceded training in the practice of silviculture. Thus,
forest ecology is recognized in the professional forestry curriculum as
being the basis for silvicultural practice.
Sound management of forests and related resources must be based
on a knowledge and understanding of forest ecology. The forester who
grows timber crops under intensive management in man-made com
munities must understand ecological principles if his intensive man
agement is to be successful in aiding or arresting the natural course of
ecology. Fertilization, cultivation, drainage, insect control, tree im
provement, and other practices may soon be important in silvicultural
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management. Such practices will succeed only if we understand how
they work with, or against, nature.
The everyday silviculturist probably does not go to these extremes,
but he too must apply an understanding of basic ecological principles
in order to manage his forests to meet his economic objectives. Most of
our commercial forest species can be maintained and perpetuated
only if the ecological process is stopped at some point in the natural
forest succession. So forest managers are, in effect, practicing ecologists.
Research and experience have added a great deal to the knowledge
and understanding of forest ecology since the average practicing forester
was a student, a decade or more ago. Therefore, “The Ecology of South
ern Forests” was selected as the topic for the Seventeenth Annual For
estry Symposium so that practicing foresters might have an opportunity
to renew their knowledge of forest ecology and assimilate new facts
and ideas which they could apply in the silviculture and management
of forests. Factors of the forest environment, the important forest com
munities in the South, and some practices useful in modifying or ma
nipulating forest ecology to suit forestry objectives seemed to be logical
subdivisions for the symposium. Obviously, complete coverage of the
complex relationships of forest ecology to silvicultural practices and
forest land management is not possible. Hopefully, however, these pro
ceedings will serve as a useful reference for practicing foresters and as
supplemental reading for forestry students of the future.
I am indebted to Professors A. B. Crow and Thomas Hansbrough
for their valuable advice and assistance in selecting the subject matter
and for suggesting possible authors for the papers presented during
this symposium. Furthermore, I am deeply grateful to the authors
themselves for their diligent work in preparing the papers which fol
low.
N o r w in E. L in n a r tz
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Part I

THE FOREST ENVIRONM ENT

CLIMATIC ELEMENTS IN THE
SOUTHERN FOREST ENVIRONMENT
D A V ID M . M O EH R IN G
School of Natural BioSciences
Texas A & M University

The forest environment consists of (1) the atmosphere surrounding
the aerial portions of trees and (2) the soil in which they are rooted.
The atmosphere provides the tree with warmth, light, and carbon di
oxide necessary for photosynthesis, while the soil gives it anchorage,
water, and nutrients. Site quality is determined by the availability of
these substances throughout the period of forest growth.
In our treatment of the forest environment we have chosen to discuss
the soil and atmospheric elements separately. Both are equally impor
tant to the understanding of tree growth. Therefore, we must bear in
mind that the forest site represents the end result of countless inter
actions between the soil and atmospheric elements and that the evalu
ation of the importance of any one element must be conditioned by
all others.
The forest environment is a dynamic system. The soil and atmos
pheric elements vary diumally, seasonally, and annually, and in rela
tion to changes in the vegetation itself. Climate is a generalization of
the day-to-day variations of the atmosphere at a given geographic loca
tion. The type of climate—continental, maritime, etc.—is determined
largely by the nature of the air masses which move across the region.
At the site level, however, local relief and vegetation combine to mod
ify the general climate, creating a variety of microclimates in the
forest community. This paper will discuss some of the climate-tree
growth relationships that are important to the silviculture of the south
ern forest.
5
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The principal climatic elements can be grouped as follows: (1)
radiation, including light, (2) air temperature, (3) precipitation, (4)
atmospheric humidity, (5) wind, and (6) other factors such as carbon
dioxide content of the air, lightning, and air pollution. These factors
not only control the establishment of the vegetation on the site, but
they control also the relative growth rates and quality of products be
ing produced. Consequently, they determine to a large extent the in
tensity of management which can be applied under existing economic
conditions.
RADIATION

Solar radiation is the principal source of energy in the forest environ
ment. It controls the rhythmic pattern of all other environmental fac
tors and provides the energy for photosynthesis and evapotranspiration. Solar energy is contained in the so-called short wave lengths, 0.15
to 4.0 microns. Of this, 9 per cent is in the ultraviolet (<0.4/*), 45 per
cent is in the visible (0.4 to 0.74/*), and 46 per cent is in the infrared
(>0.74/*) (Sellers, 1965).
At the outer boundary of the earth's atmosphere the solar energy
from the sun is equal to 1.94 g-calories cm-2 min-1. This is called the
solar constant. The daily energy intercepted by the earth is about ten
million times the energy given off by the detonation of the atomic
bomb at Nagasaki. However, as solar energy passes through the at
mosphere nearly half is lost in reflection, scattering, and absorption
by clouds and other atmospheric constituents. At the site, radiation
varies within the year and is dependent primarily upon (1) the in
tensity of solar radiation, or the angle at which the sun’s rays strike
the earth, (2) the duration of solar radiation, or day length, (3) the
degree of cloudiness, (4) local physiographic features, and (5) the
vegetation.
The first two factors are a function of latitude and reflect the physi
cal relationship of the earth’s movement around the sun. In the north
ern hemisphere the daily radiation intensity is greatest at the sum
mer solstice when the sun is highest on the horizon and least at the
winter solstice when the sun is lowest. Because of this physical relation
ship the potential solar energy coming into the site is constant from
one year to the next.
Cloudiness is the principal factor affecting the day-to-day variation
of radiation into the site. A global average of about a fourth of the in
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cident radiation is reflected back to space by clouds. Clouds have an al
bedo, or reflectance, that is generally greater than 50 per cent and may
exceed 90 per cent for the towering cumulo-nimbus clouds of summer
(Sellers, 1965). The cloud cover, and the extent to which it covers the
sky, also influences the proportion of direct to diffuse or sky radiation.
Normally, on a clear day only 10 to 15 per cent of the incoming solar
energy is diffuse radiation, but for heavy overcast days the proportion
may reach 100 per cent.
Physiographic features affecting solar energy are direction and de
gree of slope and altitude. South exposures receive more radiation
than level areas and north exposures. South slopes, therefore, are gen
erally warmer and drier and support a different flora than north
slopes. Radiation intensity is increased on south exposures and de
creased on north exposures as the degree of slope increases. Solar en
ergy increases with altitude since less radiation is absorbed by atmos
pheric water vapor at the higher elevations.
The major effect of vegetation is to reduce the radiation intensity
beneath the forest canopy. Schomaker’s (1968) measurements of solar
radiation under the canopies of a coniferous and a hardwood stand
and in an open field showed that 92 per cent of the incoming solar
beam was intercepted by the conifers and 83 per cent by the hardwood
trees when in foliage. Before leafing in the spring, the hardwoods in
tercepted 41 per cent. This reduction in radiation at the forest floor is
critical in the regeneration of many intolerant species. Reduced radi
ation also may slow down the rate of litter decomposition, which is
important to nutrient cycling in the forest community.
The solar energy which ultimately comes into the site consists of
direct-beam and diffuse short-wave and long-wave thermal radiation.
Within the site this energy undergoes various transformations. A por
tion is stored as heat in the vegetation and soil (H ), some is exchanged
in photosynthesis and respiration (M), some goes into heating the
air—sensible heat (S), and a portion is consumed in evapotranspiration—latent heat of evaporation (E). The difference between gains
and losses of energy within the site (net radiation, R„) is expressed by
the energy balance equation:
Rn = H + M + S + E
The energy stored as heat in the soil and vegetation and that which
is fixed in photosynthesis comprises a very small proportion of the
daily energy available, usually less than 10 to 15 per cent (Lemon,
1963). The largest proportion is shared between the sensible and la-
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tent heat exchange with the atmosphere. Data of Rauner, as quoted
by Reifsnyder (1967), showed that on a dear day following rainfall
80 to 85 per cent of the available radiant energy is consumed in evapotranspiration. When soil moisture is less plentiful the energy is al
most equally proportioned between the sensible and latent heat com
ponents.
LIGHT

Light indudes the visible portion of the electromagnetic spectrum in
the region of 0.4 to 0.75 micron. This portion of the spectrum, especially the blue-violet and yellow-red wave lengths, provides the energy for
photosynthesis. Light is of importance in silviculture because (1) it
can be controlled to some extent by the forester and (2) species differ
in light tolerance.
Photosynthesis begins at a very low light intensity and most toler
ant broadleaf species attain their maximum photosynthetic rate at 20
to 30 per cent of full sunlight (Kramer, 1958a). Pines, however, do not
reach maximum photosynthesis until at or near full sunlight. Kramer
and Decker (1944) attributed the lower effidency of pine at low light
intensity to self-shading by the needles. At very high light intensities
other factors such as increased respiration, water deficits causing stomatal closure, and overaccumulation of photosynthate in the leaves
usually depress photosynthesis (Spurr, 1964).
Kozlowski (1949) pointed out the importance of light in the regen
eration of intolerant spedes such as loblolly pine.* He compared the
growth of loblolly and oak seedlings in reduced light conditions be
neath forest canopies. Root development of the pine was greatly re
duced under such conditions. This affected the ability of the pine
seedlings to absorb water from the soil and, consequently, reduced
their survival during extended periods of drought. Root development
and survival of the oak were little affected by the reduced light.
Light, or the reduction of light, is also important in affecting tree
morphology. On the same tree, leaves grown in the shade are usually
thinner, have a larger surface area per unit of weight, and more nu
merous stomata than sun leaves. In addition, reduced light in dense
stands results in early death of branches and better natural pruning of
intolerant trees. Epicormic branching in some hardwood species may
'Scientific names of trees discussed in this and succeeding papers may be found in
the Appendix.
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result from increased light on the tree bole following thinnings.
The duration of light or photoperiod appears to be important in
controlling certain phases of tree growth. Bud-break, initiation of meristematic activity, and flowering appear to respond to increased day
length in the spring. Cessation of growth also may be photoperiodically sensitive, as growth often ceases in the autumn when other environ
mental factors seem favorable for growth.
The adjustment by plants to a given day length may result in the
development of a race within a species. Perry et al. (1966) compared
height growth of loblolly pine seed sources from along the Atlantic
Coast under the natural photoperiod at Gainesville, Florida. Trees
from a local source near Ocala, Florida, grew nearly eighteen feet in
the three-year study period. Trees from Maryland, die most northern
source, grew barely seven feet. Height growth of the northern sources,
however, was substantially increased when floodlights were used to
create longer photoperiods. The local sources were unaffected by the
prolonged photoperiod treatment. The effect of the increased day
length was to prolong the duration of height growth in the northern
sources. These results justify the collection of locally grown seed for
regeneration.
TEMPERATURE

Temperature effects upon tree growth are directly related to photo
synthesis and respiration and indirectly related to transpiration and
tree-water relations. Photosynthesis begins at air temperatures below
freezing, increases with temperature up to an optimum, and then de
creases at higher temperatures. Each phase of plant growth seems to
have an optimum temperature range that is important for the comple
tion of the life cycle. Consequently, temperature extremes, or tempera
tures out of phase with critical periods of the plant’s life cycle, are often
important in limiting the range of a species.
The natural fluctuation of day and night temperatures is also im
portant ecologically. The reaction of plants to diurnal temperature
fluctuations is called thermoperiodism. Kramer (1958b) compared
height growth of loblolly pine seedlings under various combinations of
day and night temperature regimes in growth chambers. An increase
in day temperature from 17° to 23° C. was accompanied by nearly a
two-fold increase in height, but an increase in night temperature, re
gardless of daytime temperatures, was always accompanied by a de-
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crease in height growth. The mechanism of response to fluctuating
temperatures is not completely understood, but Kramer suggested that
high temperatures may produce dormant conditions in buds, thus
shortening the growth period. Kramer argued that the southern exten
sion of many northern trees may be limited by their requirement for
lower night temperatures than exist in more southerly locations.
The effects of temperature upon water use and tree growth are il
lustrated in Coile’s (1936) work with loblolly pine in South Louisiana.
Coile found a positive correlation between annual radial growth of
loblolly and the February to May rainfall. Growth was negatively cor
related with temperature during this period. Below-average growth
rates were always associated with high temperatures, regardless of the
amount of rainfall, while above-average growth resulted from periods
of below-average temperatures, even with a low amount of rainfall.
High temperatures apparently increased atmospheric water demand
to the point that severe tree-water deficits developed. This inter
fered with normal physiological activity of the trees and consequently
growth was reduced. Low temperatures reduced evaporative demand of
the atmosphere, partially compensating for the low soil moisture supply.
Ambient temperatures within a forest stand are often modified by
the surrounding vegetative cover and local relief.. Daily and annual
temperature extremes are less, summer means are lower, and winter
means are higher beneath forest canopies than in adjacent clearings.
Within the forest, frost pockets often occur in small openings and low
concave areas. These areas radiate heat rapidly to the atmosphere at
night and accumulate cold air from adjacent surroundings. The oc
currence of late spring and early autumn frosts in these pockets short
ens the growing season and thus reduces growth rates below those of
adjacent elevated areas. Regeneration is usually difficult to obtain in
these low areas and seed orchards located here may prove disappoint
ing, because of low temperature interference with flowering.
PRECIPITATION

Water is perhaps the most important raw material used in tree growth,
at least with regard to quantity. It is the principal constituent of pro
toplasm, an agent in photosynthesis, a solvent for materials in trans
location, and it is essential for maintenance of cell turgidity which is
necessary for cell enlargement (Kramer, 1962). Atmospheric elements
important to water cycling in the environment are the amount and
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distribution of precipitation and the evaporative demand of the atmos
phere.
Moving east from the rain shadow of the Rockies, annual precipita
tion increases from less than fifteen to more than fifty inches. The pre
cipitation gradient is reflected in the gradation of the vegetation from
short grass steppe to tall grass to oak savannah to commercial forest.
Other things being comparable, site quality too is improved as the
amount of precipitation increases (McClurkin, 1953; McClurkin and
Coveil, 1965).
Diameter growth of southern pines is very sensitive to the seasonal
distribution of rainfall. Normally, available soil moisture is depleted
by late June and tree growth thereafter is dependent upon current
rainfall. In some years half or more of the radial increment for loblolly
occurs following late summer or early autumn precipitation, a period
which is conducive to summerwood formation (Foil, 1961). Conse
quently, where the frequency of late growing-season rainfall is great,
as near the Gulf Coast, tree specific gravity may be higher than for
otherwise comparable inland sites. Recent data from the Southern
Wood Density Survey (U.S. Forest Service, 1965) suggest that this may
be the case. Results of the survey show that the average specific gravity
for sawtimber-size loblolly pine in Alabama decreased from 0.49 g
cm-3 along the Gulf Coast to 0.44 near the Tennessee border.
Interception of rainfall by tree cover reduces the amount reaching
the ground by 10 to 30 per cent. Nearly all rainfall less than 0.2 inch
is intercepted and lost to evaporation. Rogerson (1967) recently mea
sured the effects of stand density on interception of rainfall in pole
sized loblolly pine in Mississippi. His results show that annual throughfall in a stand of 40 ft.* of basal area per acre was nearly 8 inches more
than one of 90 ft.*.
ATMOSPHERIC HUMIDITY

Evapotranspiration is the primary process of water loss in the forest
environment. It overshadows surface runoff and percolation through
the soil to ground water. Potential evapotranspiration is determined
by the evaporative power of the atmosphere which varies in relation
to seasonal changes in atmospheric humidity, temperature, and air
movement. At any temperature a unit volume of air has a maximum
water content or saturation vapor pressure. The difference between
this amount and the actual water content of the air is the vapor pres-
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sure deficit—the evaporative force regulating water loss from the en
vironment.
Gains and losses of water in the environment are often illustrated
by water balance diagrams (Thornthwaite, 1948). These diagrams
show the phase relationships between water available from precipita
tion and soil water storage and water needs expressed by the potential
evapotranspiration (PET) of the atmosphere. Actual evapotranspiration (ET) is determined by water availability in the environment.
When the amount of precipitation exceeds the PET demand of the
atmosphere, ET equals PET and the excess water is either added to
soil water storage or lost in surface runoff. As the precipitation drops
below PET, water is withdrawn from soil storage to meet the atmos
pheric demand. With the soil water content near the maximum capac
ity, ET is nearly equal to PET. But as soil water is depleted, ET is re
duced to below PET and a water deficit develops.
Water balance diagrams for three sites in East Texas and eastern
Oklahoma are shown in Figure 1. The data are based upon long-term
monthly temperature and precipitation means and for soils with a 10inch water storage capacity. The diagrams are representative of other
stations at these latitudes across the southern pine region and are ap
plicable to sapling or pole-sized stands. Among the sites illustrated, the
annual water deficit is least for Beaumont, Texas, where precipitation
is more in phase with PET. This is characteristic of the immediate
Gulf Coast area where summer rainfall is associated with tropical
storms from the Gulf of Mexico. These storms seldom penetrate far
inland. Consequently, at the Nacogdoches and Idabell sites, prolonged
water deficits are quite frequent in the summer because of low rain
fall and early depletion of stored soil water. At the inland sites the
water deficits develop rapidly in early summer, a period critical to
seedling survival. Consequently, regeneration risk is very severe at
these two stations.
The water balance approach has been used successfully in many
tree growth and forest hydrology studies. Smith and Wilsie (1961) re
lated various anatomical features in loblolly pine to growing season
water deficits. They found that the width of the annual growth incre
ment was highly correlated with soil water deficits, such that the great
er the deficit the narrower the ring. Summerwood percentages in the
annual increment were also reduced as the water deficit increased.
Zahner and Stage (1966) have presented a computer program of
Thornthwaite's water balance method for determining daily water def-
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Figure 1. Water balance diagrams for selected locations in East Texas and eastern
Oklahoma. Data are based upon long-term means of monthly precipitation and tem
perature and for soils with a 10-inch water storage capacity.

idts from mean daily temperature, precipitation, and soil water char
acteristics. Their publication gives several examples of the use of this
information in tree growth studies. Bassett (1964) used a similar
water balance method to relate periodic volume and basal area
growth of loblolly pine stands in south Arkansas to seasonal water def
icits.
WIND

Wind is important ecologically as an agent in pollination, seed dis
persal, increasing transpiration, and influencing morphological devel
opment. Wind as a destructive agent alters the composition and de
velopment of forest stands. Across the South, tornadoes and hurricanes
have had an unpredictable role in altering forest structure. Large
acreages of commercial pine forests have been destroyed, releasing
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less desirable understory hardwood species. The conversion back to
pine is usually difficult and costly.
Continuous wind movement along the sea coast and at high altitudes
in mountains causes severe, but somewhat picturesque, deformity in
trees. Wind also has a stimulating effect upon the distribution of diam
eter increment. Jacobs (1939) observed that trees released in thin
nings initially added more increment near the base than at upper bole
positions. When released trees were guyed to reduce wind sway, growth
was uniform along the bole up to the guy position, but, above the guy
growth was greatly increased, supposedly due to mechanical stimulation
from the wind.
MISCELLANEOUS FACTORS

Other climatic factors include the carbon dioxide content of the air,
lightning, and air pollutants. The carbon dioxide content of the air
averages about 0.03 per cent by volume. In the tree crowns it is maxi
mum at night during respiration and least during photosynthesis in
the day. The low concentration of carbon dioxide in the air is defi
nitely limiting to photosynthesis. However, there is little chance of
improving this factor by silvicultural means in the forest environment.
Lightning plays an unpredictable role in causing mortality of old or
isolated trees in forest stands, thus it has some influence upon com
munity development. By initiating fires, it also influences secondary
successional patterns. Most of our early pine forests were perpetuated
by fires which often originated from lightning strikes.
Air pollutants are a part of the man-made environment. Classic ex
amples of pollutants destroying forests are seen at Copper Basin, Ten
nessee, and other smelter sites. Less extensive tree damage is noticed
in the fringes around certain industrial plants. Air pollution is not a
serious threat to large forest acreages, but it will continue to plague
the suburban forest.
CONCLUDING REMARKS

In closing, I would like to comment upon one possible use of climatic
information in forest management. Lack of soil moisture during the
growing season is probably the most evident environmental factor lim
iting tree growth in the South. The situation, however, appears to be
less critical near the Gulf Coast than at inland stations (Fig. 1). Wa
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ter balance diagrams computed from mean temperature and precipi
tation data and for soils with varying water storage characteristics give
a preliminary classification of tree productivity based upon water
availability in the forest environment. These diagrams portray the
average condition, so to say, but we seldom experience the average
situation. A better classification would be to have a probability state
ment giving the frequency of annual water deficits for soils within a
region.
Zahner and Stage (1966) have recently reported a procedure which
allows computation of the daily water balance from available Weather
Bureau data and moisture characteristics of soils. The computations
give an estimate of seasonal water deficits which can be correlated
with various tree growth parameters. Knowing the probability and
seasonal distribution of water deficits on the various soils in a region,
we may be able to prescribe better management practices. This ap
proach is now being tested in East Texas. The information obtained,
linking seasonal water availability with soil characteristics, will be
applied initially in soil-site evaluation. Other uses might be found in
soil classification for regeneration risk, disease and insect hazard, and
for prescribing thinning schedules.
Discussion
Question:
Dr. Moehring:

Is soil moisture deficiency more critical for tree
growth before about the end of June or thereafter
in a single growing season?
Soil water deficits at any time have some effect upon
tree growth. For loblolly pine, water deficits before
the end of June result in the temporary reduction
of diameter growth. When soil water is replenished,
diameter growth continues at a normal rate as if
nothing had happened. Height growth of loblolly
pine is diminished by early summer water deficits
and the deficit can delay subsequent flushes in lob
lolly. June droughts may also contribute to early
transition from springwood to summerwood. Other
species probably behave differently. Some trees
have completed height growth before June, so cur
rent year growth is little affected. Boggess’ work
with white oak in Illinois showed that early summer
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drought resulted in the termination of diameter
growth even when rainfall replenished soil water
before the growing season was over. Shortleaf pine
growing in the same area resumed growth almost
immediately.
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INFLUENCE OF EDAPHIC
AND PHYSIOGRAPHIC FACTORS
ON THE FOREST ECOSYSTEM
J A C K T. M A Y
School of Forest Resources
University of Georgia

As a beginning, we are concerned with the use of words or terminology.
Do the words in the title above have perfectly precise and invariable
meanings, or do they have different meanings when used in different
contexts?
"Edaphic” is a general term for soil influence or conditions, when
soil is considered as a habitat for the growth of plants. The edaphologist considers the various properties of soils as they relate to plant
production.
“Physiographic factors,” in simplest context, have to do with the
nature of the topography (Braun, 1950). However, many physiogra
phers, geographers, and ecologists consider physiography to be more
complex, involving climatic and edaphic components.
The Society of American Foresters defines a “forest” as a plant as
sociation predominantly of trees and other woody vegetation.
“Ecosystem” is a more complex term. It was first introduced by
Tansley (1929) to designate the biotic community or biome. Let’s ex
amine the term "ecosystem.” The prefix “eco” is generally recognized
as pertaining to a combination of living and non-living material. Tans
ley (1935) considered climate and soil to be part of the ecosystem,
but he had some reservations concerning faunal elements. He was not
convinced that there was an adequate integration of plants and ani
mals within the concept of biotic community. However, silviculturists
consider soil organisms (micro and macro), certain terrestrial ani18
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mals, and birds as important components of the biotic community.
Their effects may be beneficial or adverse.
The meaning of the word "system” has been broadened with the
advent of computer technology. Its meaning as understood by systems
analysts may be explained in an ecological context by considering an
abstract forest, in which the following factors are considered: topogra
phy, soil, climate, equipment, fire, vegetation, animal life, streams,
and man.
Suppose the forest is on rolling topography and soils are highly
erodible. The forest stand, a mixture of pine and low quality hard
woods, is to be harvested and replaced by a pure pine plantation. A
rolling chopper and a broadcast burn are used to prepare the site for
regeneration. A series of heavy rains, alternating with freezing and
thawing temperatures, cause a loss of the topsoil, which contains or
ganic matter and many of the available nutrients. The soil removed
by erosion covers bottomland crops, increases the colloidal content
of the streams, and affects fish, wildlife, and recreational potentials.
Erosion results in rills and gullies which affect operability of the site
and may require specialized harvesting equipment. The productivity
of the site is lowered. Seedlings grow slowly, have low vigor, and are
in competition with hardwood brush. Insect defoliators attack nee
dles and leaves of seedlings and sprouts, with a consequent reduction
in growth. Thus, a combination of factors influence the forest resource
and, hence, the economic life of the human community which earns
a living from products of the forests. Here we have a system in which
everything affects everything else, or as defined by Watt (1966) “an
interlocking complex of processes characterized by many reciprocal
cause-effect pathways.”
In a broad concept, a forest ecoystem can be considered as the larg
est functional unit in forest ecology or in forest management, and it is
an entity that includes living and non-living material interacting to
produce a stable or a manageable system. Most of our energies in the
past have been directed toward determination of empirical site index
data and yield tables, rather than toward an understanding of the
complexities of the forest ecosystem or the forest productivity system
or site. Hills (1958) suggested that the forest site is composed of two
groups of systems: (1) subordinate functional systems wholly within
the forest site, and (2) contributing superior functional systems hav
ing extensions within the forest site. These groups of systems include
geologic, physiographic, climatic, edaphic, and biotic systems. The
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key to an understanding of the forest ecosystem as a whole, the spatial
relations of its integral parts, and the nature of the parts is best sought
in the old land areas where andent forest types have been able to con*
tinue existence in spite of vidssitudes in surrounding areas. Unfortu
nately, very few of the andent forest types still exist in the Southern
Forest Region.
Many components of the physiographic and edaphic systems have
been correlated with site productivity. They may also be functionally
related to each other and to components of climatic and geologic sys
tems.
PHYSIOGRAPHIC SYSTEM

Components of the physiographic system most closely affecting the
forest ecosystem are: (1) latitude, (2) altitude, (3) dissection of the
landscape, i.e. drainage density and stream frequency, (4) height of
the site above the nearest valley floor or stream channel, (5) surface
pattern of physiographic units, (6) length of slope, (7) degree of
slope, (8) position on slope, (9) aspect, (10) direction of trend of
moutains and ridges, and (11) angle and direction of stratification or
fractures of rock formations.
Many of these factors may be functionally related to day length, so
lar angle, etc.
SOIL SYSTEM

The soil system is the total environment of the roots and soil micro
organisms. It provides the plant with rooting space, mechanical sup
port, moisture, nutrients, heat, and aeration. It is the habitat for
many organisms, some of which affect plants either favorably or un
favorably. The soil also includes extensions of other systems: (1) the
climatic system (soil air, soil water), and (2) the geologic system
(lithosphere-parent material).
Soil factors that may be correlated with site productivity can be
classed as physical, chemical or biotic.
Physical factors include (1) depth of the solum (A and B horizons),
(2) depth of impermeable horizons, (3) thickness of the topsoil (A ho
rizon) , (4) depth to mottling, (5) depth to a water table, (6) thickness
of B horizon, (7) texture of each horizon, (8) difference in silt plus clay
content between B and A horizons, (9) structure of each horizon, (10)
bulk density, (11) porosity, (12) aeration, (13) infiltration capacity,
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(14) permeability, (15) water holding capacity, and (16) temperature
of A and B horizons.
Chemical factors include (1) soil reaction, (2) organic matter con
tent, (3) cation exchange capacity, (4) amounts of available nutri
ents, (5) amounts of reserve nutrients, (6) minor nutrient elements,
(7) ratio of nutrients, (8) chemical fixation, (9) oxidation-reduction
potential, and (10) toxic substances.
Biotic factors include (1) population of macrofauna and flora, (2)
populations of microorganisms, and (3) pathogenic organisms.
INTERLOCKING RELATIONS OF PHYSIOGRAPHY,
SOILS, AND THE FOREST ECOSYSTEM

Each topographic region or province has certain characteristic alti
tudes and physiographic units. Each soil order, suborder, etc., has pe
culiar water-holding, physiochemical, and biotic possibilities and re
strictions—the understanding or manipulation of which enables the
forest resource manager to improve natural conditions and repress
harmful forces for the obtainment of ultimate objectives.
Differences in physiography or landscape produce a variety of habi
tats. Some of them are based on rather insignificant differences in ele
vation. For example, in any region the flatter the surface, the more
significant become the minor topographic differences.
Landscapes
The landscape is composed of an intricate network of two kinds of
morphological units, namely flats and slopes (Curtis et al., 1965). A
“flat” is a unit which is less steep than the morphological units im
mediately above or below. Savigear (1960) stated that "any fully de
veloped slope is divisible normally into three sections: (1) the crestline, extending from the interfluve to where the slope steepens, (2)
the backslope, consisting of the steepest morphological units of the
profile, and (3) the foot slope, a gently inclined section extending
from the backslope to the valley centre.”
Slopes are not uniform rectilinear surfaces, but contain a series of
morphological units with different angles. However, breaks of slopes
are generally angular and well defined. By the delimitation of breaks
and changes of slope, the profile can be divided into morphological
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units that are primarily rectilinear or curved. The curved units will
be either convex upwards (convex units) or concave upwards (con
cave units). Each morphological unit can be defined in terms of an
gle (s) of slope and length of slope. The general distribution and
occurrence of morphological units are dictated by the geomorphological history of the area, while the angle of slope of each unit is a re
flection of a series of localized processes and controls which have been
exerted upon the facet since its initiation (Curtis et ah, 1965).
Most hillsides are polyphase or polycyclic in profile: that is, several
morphological units may occur on a single hillside. These complex
slope patterns, interacting with geophysical features of the substrate
influence surface drainage, internal drainage, water storage, and the
depth of the solum.
Soil Moisture
Lutz and Chandler (1946) suggested that, of the many factors that
determine the productivity of a site, soil moisture is probably the
most important. Usually site productivity improves with increasing
amounts of available soil moisture, until the optimum is obtained. Ex
cesses of moisture result in unfavorable conditions for plant growth
because of deficient aeration and related phenomena. Continuity of
the water supply for forest trees is as important as the total amount.
Plants growing in soils of low fertility have higher moisture require
ments than those growing in fertile soils.
Moisture content of slope sites is affected by the size of the collec
tion area draining into a slope; the number and depth of secondary
slopes dissecting the primary one; the length, shape, and steepness of
the slope; the water-retaining capacity of the soils; aspect; direction of
the prevailing weather system; and the permeability of underlying
layers. Surface drainage may be rapid to excessive on cliff units and
steep rectilinear and convex units, depending on infiltration capaci
ty of the surface soil. A low level of available moisture may be associ
ated with good internal drainage during drought periods. A concave
break in slope will drastically alter this sequence, resulting in a more
favorable moisture regime.
Quarterman and Keever (1962) listed ten soil moisture classes
in die southeastern Coastal Plain. They were based on topography,
drainage conditions and soil texture. Sand hills and ridges comprised
moisture classes 1 and 2; class 3, level sandy sites with good drainage;
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class 4, well-drained but not dry, rolling uplands mantled by a sandy
loam whose source of water was precipitation only; class 5, flat or
somewhat rolling, but lower than class 4 sites, with soil possibly but
infrequently saturated; class 6, slopes of shallow ravines or secon
darily drained slopes of deep ones, where some seepage water would
be added to the precipitation total; class 7, slopes of deep ravines not
yet secondarily dissected, where considerable seepage water would be
added to the soil; class 8, level sites subject to occasional flooding;
class 9, intermittent ponds or regularly flooded bottoms; and class 10,
permanent swamps or ponds. Classes 3 through 8 were considered to
be variations within the general classification of “mesic,” with classes
1 and 2 being dry, and 9 and 10 being wet. Such “moisture classes”
represent a complex gradient, since they involve many interrelated
factors of the total environment. These moisture classes correspond
with the Society of American Foresters (1954) listing of forest cover
types in the Southern Forest Region. Nine types were assigned to dry
sites, eight to wet sites, and twenty-three to fresh to moist sites. Fresh
to moist, or mesic, sites occupy a high percentage of the landscape in
the Southern Region.
In the Southern Region, dry sites are associated primarily with (1)
excessively drained, coarse-textured material, (2) shallow soils with
rapid surface drainage and impermeable B or C layers, (3) ridges, (4)
upper north slopes, and (5) middle and upper south slopes. Forest
ecosystems on these sites will be composed primarily of scrub oaks
and/or conifers such as Virginia, shortleaf, sand, and longleaf pine.
Wet sites are associated primarily with first bottoms, wet depres
sions, ponds, swamps, and river estuaries. Soils vary from sandy, peaty
to heavy clays. Dominant species in such forest ecosystems are pond
pine, baldcypress, swamp tupelo, water tupelo, sweetbay, redbay, lob
lolly-bay, red maple, American elm, and some oaks. Some of these
sites can be changed from wet to mesic by drainage; thus completely
altering the forest ecosystem.
Soil Depth
Land forms and soil-forming material affect physical characteristics
of the soil profile and soil classification. Depth of soil on slopes is
a function of slope angle, slope length, changes in slope, saprolitic
material, erosion and other disturbances by water, fire, man, and so
forth. Depth decreases with increase in slope per cent. Many of the
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deeper soils on uplands and mountains are on concave units of slopes.
In the mountain and intermountain province of North Georgia, Por
ters and Ashe series are shallow soils, occurring on convex slopes at
higher elevations, which are weathered from gneiss and granite. Tusquittee and Braddock series are deep alluvial soils that occur on con
cave units of high slopes. Hiwassee and State series are deep alluvial
soils on concave footslopes. Wedhadkee (poorly drained), Congaree
(imperfectly drained) and Buncombe (well drained) series occur in
recent alluvium on the valley floor.
Forest Ecosystems on Mountain Sites
The effects of edaphic and physiographic factors on various forest
ecosystems on upland sites are part of an interlocking complex that
includes the climatic system, the geologic system and inherent charac
teristics of the species. Auten (1945) reported that soil depth, perme
ability, moisture, aspect, exposure, and slope position were signifi
cant factors influencing yellow-poplar dominated stands in the central
hardwood region. Einspahr and McComb (1951) reported that stand
composition in midwestern oak-pine forest was related to soil series
and topography. Degree of slope, topographic position, aspect and
thickness of solum also influenced the characteristics of the stands.
They found that the influence of soil depth and topographic position
tended to be confounded.
Similar relationships were reported by Doolittle (1957) for oak as
sociations in the Southern Appalachians and by Trimble and Weitzman (1956) for oak associations in the Northern Appalachians. Steinbrenner (1965) reported that elevation was the strongest individual
physiographic factor affecting Douglas-fir communities in the Pacific
Northwest. Position on slope was not significant except on glacial
plains, terraces, and at elevations above 1,000 feet. Soil factors that
influenced Douglas-fir communities were total soil depth, gravel con
tent, effective soil depth, thickness of A horizon, clay content of B
horizon, and macroscopic pores in the B horizon. Ike and Huppuch
(1968) found that the following factors influenced stands of yellowpoplar, oaks, and pines in the Georgia Blue Ridge Mountains: thick
ness of A horizon, clay content of A, horizon, organic matter in A
horizon, wilting point of B2 horizon, soil reaction, exchangeable cal
cium, exchangeable magnesium, soil parent material, elevation, steep
ness of slope, position on slope, aspect, and exposure.
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Forest Ecosystems in a Section of the Coastal Plain
In the Coastal Plain, variations in relief and characteristics of the
substratum are quite different from those of mountain regions; yet
their influences on soil series and types are just as significant.
Tippah County, Mississippi, contains a complex physiography-soils
system (Bright et ah, 1966). The county is within two major physio
graphic regions, the Upper Coastal Plain and the Interior Flatwoods.
Examination of two landscapes illustrates the interlocking relation
ships between soils, physiography, and forest ecosystems.
The landscape of the Interior Flatwoods is relatively level to roll
ing. The bottomlands are broad with micro-differences in relief. The
broad interstream ridges are gently sloping. The soils consist of a thin
layer of silty loess over dense, gray, acid clay. Soils in the broad stream
bottoms range from moderately well drained to poorly drained. They
have a silt loam surface layer and a heavier silt loam or silty clay
loam sub-surface layer. Differences in relief are slight except on the
old alluvial terraces. Three distinct forest ecosystems may be deline
ated primarily by physiography.
Waverly and Urbo soils are generally in the lower or slackwater
areas on bottomlands. The Urbo soils are formed from fine-textured
Coastal Plain alluvium. Waverly soils are forming in alluvium washed
from loessal upland soils. The forest ecosystem is characterized by the
presence of species that tolerate poor aeration, namely baldcypress,
ash (Fraxinus sp.), swamp chestnut oak, and willow oak. Other spe
cies that may be present include water oak, cherrybark oak, laurel
oak, and sweetgum.
Collins and Falaya soils are bottomland soils forming in alluvium
washed from loessal soils of the uplands. The forest ecosystem occur
ring on these sites is characterized by species that require a greater de
gree of aeration than that normally existing in slackwater areas. Dom
inant species may include white oak, cherrybark oak, Shumard oak,
water oak, yellow-poplar, eastern cottonwood, persimmon, and sweetgum.
Freeland and Hatchie soils are formed in sandy and silty alluvium
from upland soils which formed in loess and sandy Coastal Plain ma
terial. Bude and Falkner soils are formed in thin loess over Coastal
Plain day. They occupy broad, nearly level to sloping areas, and are
somewhat poorly drained. The topography is nearly level to gently
sloping, with slope ranges of 0 to 5 per cent. The forest ecosystem is
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characterized by the presence of species that occupy a site following
a disturbance. Loblolly and shortleaf pine are preferred species on
cultivated sites. On non-disturbed sites, cherrybark, swamp chestnut,
white, Shumard, and water oaks, and sweetgum dominate forest ecosys
tems. These species have the capacity to move out of wet sites when
not restricted by fire or other disturbances.
The topography of the Upper Coastal Plain area is quite varied,
but consists primarily of narrow ridges and steep to very steep side
slopes. The maximum difference in elevation between the valleys and
the adjacent hill crests is about 260 feet. Most of the soils consist of
weathered, acid Coastal Plain sandy material, acid Coastal Plain clay,
or alternate thick or thin layers of each. Both sheet and gully erosion
are very severe where native vegetation has been cleared. Providence
soils are silt loams formed in thin loess over Coastal Plain material.
They occupy narrow to broad ridgetops and upper side slopes. Ruston and Cuthbert soils are formed in Coastal Plain material. Ruston
soils are on narrow ridgetops and side slopes. Cuthbert soils are pri
marily on side slopes. The surface soil is a loamy sand or sandy loam
over a sandy clay loam or clay. The forest ecosystem is dominated by
loblolly and shortleaf pine.
SUCCESSION

The past, present, and future forest ecosystems in Tippah County
and elsewhere in the Southern Forest Region have been and will be
functions of edaphic and topographic factors modified by other in
terlocking variables. Hardwoods were dominant in the early forests.
However, disturbances such as fire, clearing, cultivation, and erosion
altered the soils-physiographic systems and the forest ecosystems. Since
major disturbances, regardless of form, favor the development of pine
rather than of hardwood forests, occurrence of pine on mesic sites
may be accepted as evidence of disturbance.
Quarterman and Keever (1962) sampled hardwood and pine-hard
wood stands from South Carolina to Texas. They found that southern
hardwoods occur on a variety of sites and that in general there is no re
striction of individual species by physiography, soils or moisture class
es within the mesic sites. Exceptions include those species that toler
ate poor aeration typical of flooded bottoms or slackwater areas and
those species that become dominants on dry sites.
In the Southern Forest Region, two successional trends are appa
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rent. The first is that pines tend to be replaced by hardwoods. A welldeveloped understory of hardwoods is established in pine-dominated
stands by the time the stands are thirty to fifty years of age—unless
hardwoods are controlled. The second major tendency is for hard
wood stands to show an increase, with age and/or lack of distur
bance, in total number of potential overstory species (May, 1968).
The natural replacement of coniferous monotypes by hardwood eco
systems occurs on all types of soils and physiographic positions but is
most effective on sites characterized by adequate available moisture
during the growing season, good aeration, deep soils, sandy loam to
silt or clay loam B horizons, terraces, footslopes, concave backslopes,
and northerly aspects.
Single-dominant or mixed pine forest ecosystems occur on a variety
of sites but are stages in secondary succession. Brender and Davis
(1959) suggested that species composition on Piedmont uplands is
determined primarily by intensity of forest management. Pine mono
cultures can be maintained as sub-climax ecosystems by a variety of
methods of periodic disturbances.
SUMMARY

Let’s look to the future. In the intensive management of industrial
forests of the South, we are substituting a technological environment
for a natural environment. Autogenic succession in which successive
changes in plant communities are brought about by action of the
plants themselves will be increasingly restricted to lands of marginal
productivity. There will be an allogenic succession on managed lands,
in which changes are brought about by external factors. The silvicul
turist or land resource manager will be concerned with the fusing of
forest vegetation, lesser vegetation, fauna, soil, landform, climate, site
modification, and human socioeconomic systems into a forest ecosys
tem capable of producing desired forest products through the trans
formation, utilization and exchange of energy.
Discussion
Question:
Dr. May:

In view of the detrimental effects you described fol
lowing site preparation of slopes, what alternative
do you recommend?
The land manager should consider carefully the
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edaphic, physiographic, and climatic characteris
tics of each site and the methods of site prepara
tion that are available. There are certain areas
where we have to be more selective in the future
than we have been in the past.
Soils on some sites are highly erodible. When these
sites receive a combination of clearcutting, mechan
ical site preparation with choppers or K /G blades,
burning, and one or more 5- to 10-inch rains, ero
sion becomes a major problem. On these sites, some
other system of site preparation should be consid
ered.
These conditions have occurred in some of the Up
per Coastal Plain, the Piedmont, and the Ridge and
Valley Provinces of Georgia.
Certainly, some method of site preparation is essen
tial for artificial regeneration, but the intensity of
site preparation on critical sites may have to be re
stricted or modified. It may not be silviculturally or
economically feasible to use the same techniques
over large areas.
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SOIL WATER AND TREE GROWTH
T. T. KO ZLO W SKI
Deportment of Forestry
University of Wisconsin

Both the distribution and growth of trees are controlled by water
supply. Wherever trees grow, their development is limited to some
degree by either too little or too much water. Forest soils in the south
ern part of the United States usually are recharged to field capacity
only during the dormant season or for a brief time after very wet
growing periods. Most of the light rains during the growing season
are intercepted by tree crowns or serve only to recharge the surface
soil layers. Hence, water deficits during the growing season are com
monly of long duration. These soil water deficits cause internal water
deficits in trees and result in great losses of wood production. In many
areas the actual extent of such losses is not realized because reliable
data are not available to show how much more growth would occur if
adequate moisture were available to trees during the entire growing
season (Kozlowski, 1967a, 1968b). Fortunately research, particularly
that of Zahner and his colleagues, has provided information on the
important role of water in controlling growth of trees in the southern
United States.
SOIL MOISTURE DEFICITS

As Zahner (1956) has shown, the water need of forest stands in the
mid-South is approximately 5 inches per month for May, 8 inches
per month during June, July, and August, 5 inches in September,
and about 2.5 inches in October. The water need during the winter
months is low, and long periods without rain do not produce serious
deficiencies. During the summer, however, long periods without rain
30
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result in evapotranspiration (water lost by transpiration from leaves
and evaporated directly from the ground surface) which exceeds wa
ter supply. For a short time, forests can meet water demands with
reserves stored in the soil but these are soon depleted. To evaluate
water deficiency, both the potential evapotranspiration (water need)
and actual evapotranspiration (water supply) must be known. The
difference between them is the water deficiency (Zahner, 1956).
During summer droughts the forests of the mid-South commonly
have water deficiencies of 15 to 20 inches. Deficiencies of about 7 inch
es often occur on good sites during a normal growing season (Fig. 2).
Water deficiencies vary greatly among sites, and on a given site they
differ considerably from year to year. For example, at Crossett, Ar
kansas, the summers of 1950 and 1951 were considered wet; those of
1952, 1953, and 1954 were dry; and the summer of 1955 intermediate

Figure 2. Needs and supplies of water during a normal summer at Crossett, Arkansas,
on sites storing six or twelve inches of available water in the root zone. From Zahner
(1956).
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(Fig. 3). Water deficiency also varies greatly in a normal and dry
year among different locations in the South. Whereas Crockett, Texas,
Tupelo, Mississippi, and Selma, Alabama, had serious water deficiencies,
especially in 1954, Hammond, Louisiana, did not (Fig. 4).
Metz and Douglass (1959) studied soil moisture depletion under
forest cover, old-field vegetation, and bare soil in the South Caroli
na Piedmont. The depletion and recharge of soil moisture were cy
clic. Recharge began in the late fall or winter and depletion began
with the start of the growing season and continued until late fall.
The deep-rooted trees transpired more water than the shallow-rooted
grasses. Trees depleted soil moisture faster at upper soil levels, where
root concentrations were greatest, than at lower levels. Although the
soil was recharged by summer rains, such water was quickly used by
evapotranspiration and did not move below 30 inches. Hence, at low
er soil levels (54 to 66 inches) water was consistently depleted during
the growing season and recharge did not occur until the period of
heavy rains in late March.
DEVELOPMENT OF INTERNAL WATER DEFICITS IN TREES

Trees are admirably constructed to lose water by transpiration to the
atmosphere. The extensive leaf area of forests makes up a vast evapo
rating surface. For example, an acre of forest with a stem basal area of
only sixty square feet often produces an aggregate leaf surface area of
more than five acres.
Trees vary greatly in the number of leaves they bear. A 36-year-old
white spruce tree had over five million needles and produced slightly
more than a million new needles during each of its last two years
(Fraser et al., 1964). An open-grown silver maple tree that was 47 feet
high had 177,000 leaves with a combined leaf blade area of a sixth of
an acre (Cummings, 1941). Even though this maple tree is perhaps
an extreme case, many hardwood forest trees have leaves numbering
in the tens of thousands rather than hundreds of thousands. Never
theless, the total leaf surface of forest stands makes up a large and
efficient evaporating surface which tends to deplete soil moisture rap
idly. Additional water is lost by evaporation directly from the soil.
Under ideal conditions with free access to unlimited water supplies,
trees absorb and transpire tremendous amounts of water. For exam
ple, willows (Salix sp.) and cottonwoods (Populus sp.) along stream
banks may transpire as much as forty inches of water in one growing
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3. Variations among years in needs and supplies of water at Crossett, Arkansas.
Computations were made for a site storing ten inches of available water in the root
zone. From Zahner (1956).
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season (Spurr, 1964). However, the amount actually transpired var
ies greatly with soil water availability. In southern Arkansas trees ab
sorb about 0.25 inch of water per day in early summer when soil
moisture supplies are high. In South Carolina, Metz and Douglass
(1959) found soil moisture to be depleted at a rate of 0.2 inch per day
by a loblolly pine plantation. The mature hardwoods of the south
ern Appalachians at the Coweeta Research Station transpired about
twenty inches of the annual rainfall of about eighty inches. The un
derstory of a pine stand may lose up to a fourth of the total evaporational loss (Zahner, 1958a). It has been estimated that forests in the
South lose as much as eight thousand gallons of water an acre per
day.
Although trees grow best in regions of high and recurrent rainfall,
it cannot be emphasized too strongly that all trees periodically under
go some degree of internal water stress which in turn inhibits growth.
This is so even if the moisture content of soil is maintained at field
capacity. However, the moisture contents of forest soils are usually
much below field capacity and, therefore, water deficits of considera
ble magnitude develop recurrently in trees.
It is well to emphasize that tree growth is controlled by internal
moisture balance of tissues rather than by soil moisture per se. This
may seem like an academic point, but it probably is a very important
one because internal water deficits in trees are not controlled by soil
moisture content alone. Rather, they are controlled by relative rates
of absorption of water through roots and loss of water by transpi
ration. During the day, transpiration usually exceeds absorption wheth
er the soil is moist or relatively dry. Hence, water deficits in leaves
tend to develop during the day. When stomates close during the night
both absorption and transpiration are greatly reduced, but the rate
of absorption becomes greater than transpiration. Hence, trees tend
to rehydrate during the night.
As Kramer (1962) stated, internal water deficits in trees can result
from excessive transpiration, slow absorption from dry, cold, or poorly
aerated soil, or a combination of both. Even established trees on wellwatered soils undergo internal water deficits during the day when tran
spiration is greater than absorption. Transpiration is largely controlled
by the aerial environment (e.g. light, temperature, humidity, wind) as
well as leaf structure and stomatal opening. Although absorption of
water is regulated by the rate of transpiration, it is also controlled by the
size and distribution of the root system as well as various soil factors
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(e.g. temperature, soil moisture tension, concentration of the soil solu
tion, aeration, etc.). In well-watered soils, recurrent temporary water
deficits in leaves because of excessive transpiration are not serious be
cause leaves tend to rehydrate at night. However, afternoon wilting of
leaves of trees in progressively drier soils becomes serious because leaves
are increasingly less likely to recover turgidity at night and permanent
wilting often results.
Water Deficits and Shrinkage of Trees
The recurrent daily as well as seasonal development of internal
water deficits in trees is emphasized by shrinkage of vegetative and
reproductive tissues. For example, stems usually shrink slightly dur
ing the day and expand at night, even those of trees growing in wellwatered soils (Kozlowski, 1958, 1963, 1964a, 1965). Seasonal shrink
age of tree stems occurs commonly during droughts. Kozlowski and
Winget (1964) found that stem shrinkage of Wisconsin trees varied
greatly during the growing season, with small amounts occurring ear
ly in the growing season, followed by increased shrinkage in mid
season, and greatly decreased shrinkage in late summer after moisture
reserves in the soil and in the trees were depleted by transpiration.
Rainfall following a drought usually rehydrates trees and causes them
to expand, partly as a result of swelling and partly because of in
creased cambial growth. Kozlowski, Winget, and Torrie (1962) ob
served that radial increase in oaks occurred on each day after a rain
during the growing season. On the following day there was less radial
increase; if no rain occurred, no radial increase or shrinkage was ob
served. Diameter decrease of trees as a result of shrinkage during
droughts sometimes is greater than the amount of cambial growth
during the same or even longer period (Fig. 5). In New England the
amount of weekly radial decrease in white pine trees was greater than
the amount of weekly increase for many trees during the growing sea
son (Bormann and Kozlowski, 1962). An interesting and extreme
case of stem shrinkage of trees was cited by Buell, Small, and Monk
(1961). In August, 1957, a severe drought in New Jersey caused stems
to shrink so much that diameters of some trees were smaller than
they were before the growing season started. The trees remained in
a shrunken state until soil moisture was replenished in December.
Then the trees rehydrated and expanded rapidly.
There is considerable evidence also of shrinking of reproductive
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F igure 5. Diurnal and seasonal changes in stem diameters o f trees in southwestern
Colorado. DfC 1 and DfC 2 are two Douglas-fir trees from Navajo Canyon. PnCW 1 is
a pinyon pine on a west-facing slope, PnCE 1 and PnCE 2 are pinyon pines on an
east-facing slope. PnM 2 is a pinyon pine on the mesa top with a dendrograph mount
ed on each stem. Other symbols: S, buds swelling; EL, bud elongation; P, pollen shed;
N 1/3, needles 1/3 mature size; M, needles full size. Two vertical bars designate in
terval of 90 per cent radial increase. From Fritts, Smith, and Stokes (1965).

tissues both diurnally and seasonally as a result of translocation of
water out of them during droughts. Fruits often shrink during the
day and expand at night (Kozlowski, 1964a, 1965, 1968a, 1968b; Cha
ney and Kozlowski, 1967). The loss of water by transpiration from
leaves apparently sets up a gradient and water is extracted from the
fruits. At night the fruits tend to refill with water.
WATER SUPPLY AND ESTABLISHMENT OF TREES

The importance of water to establishment of forest trees is empha
sized by the fact that many desert areas and grasslands would support
trees if an adequate supply of water were available. Available soil
moisture plays a very important role in regeneration of stands in the
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South, largely by controlling seed germination as well as growth and
survival of young trees. Marked variations in seed germination and
subsequent growth of young seedlings often reflect large differences
in water availability among naturally occurring seedbeds (Winget
and Kozlowski, 1965).
In the Piedmont Plateau the natural course of succession is from
pine communities to climax hardwood types. Pine seedlings do not
become established under closed stands, whereas several species of
hardwoods do. Cutting of pine usually releases understory hardwoods,
which then quickly outgrow the pine seedlings. Although the physio
logical explanation for this sequence of events is complicated and aptpears to involve differential responses of hardwoods and pines to un
favorable light and water conditions, it is clear that water availability
is important as was emphasized by Korstian and Coile (1938). They
showed that soil in plots from which root competition from overstory
trees was removed by trenching contained more moisture than corres
ponding control plots in periods of moisture stress during the grow
ing season. In the understory of trenched plots, there was an increase
in the number of individuals and species and in the general luxuri
ance of vegetation. Establishment and growth of reproduction were
better on most of the trenched plots than on paired control plots.
Korstian and Coile concluded that competition for soil moisture was
a highly significant factor in pine-hardwood competition. The high
and sudden mortality of many young pine seedlings during a drought
further emphasizes the importance of water in pine establishment in
the South. Kozlowski (1949) found that growth of both pine and oak
was inhibited in drying soil. With decreasing soil moisture content
the photosynthetic rate of pine began to decrease at a higher mois
ture content than the rate of oak. This suggested that internal mois
ture stresses developed faster in pine than in oak.
Water Supply and Plantation Establishment
The most important cause of death of transplanted trees is desic
cation resulting from excessive transpiration and diminished absorpttion of water. Transplanted trees undergo a massive physiological
shock, because their uprooting and subsequent handling in a barerooted condition may cause critical drying. Even after trees are reset
in the ground, excessive water loss occurs since roots grow too slow
ly to absorb enough water to keep up with transpirational losses
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(Kramer, 1949). Trees which survive transplanting often exhibit re
duced growth long afterward (Kozlowski, 1968b). For example, lead
er growth of white spruce was reduced by half in the first year after
replanting. Furthermore, growth of some trees was reduced for as
much as ten years following transplanting (Mullin, 1964) .
A very small percentage of trees removed from the nursery will
rapidly restore a favorable internal water balance on outplanting.
Actually, many transplants undergo very severe water deficits from
the time they are lifted from the nursery until their roots become
reestablished after planting. This takes a long time. Transpiration
continues meanwhile and shoots may develop very severe water stress
es. Research by Watanabe (1958) in Japan showed that moisture
content of leaves of many transplanted 1-year-old Cinnamomum camphora seedlings often dropped to 30 per cent of that of control seed
lings.
Our experiments confirmed development of severe water deficits
in trees following transplanting. Even though soil moisture was main
tained in the readily available range, many transplanted trees lost
large amounts of water and shrank each day (Kozlowski, 1967b). This
indicated that transpirational losses repeatedly exceeded absorption
rates, emphasizing the harmful effects of disrupting the soil-plant-air
continuum during transplanting. Extreme variability of stem shrink
age among transplants pointed up the uncertainty of early reestab
lishment of individual trees. Such variations in reestablishment usu
ally are related to differences in internal water deficits which often
are due to differences in root-shoot balance of seedlings, variations in
root regenerating potential, and amount of damage to fine roots in
transplanting.
The capacity of transplants to resume root growth rapidly often is
critical to survival. Capillary movement of water from wet to dry re
gions in soils at or below field capacity is slow. When there is little
or no capillary water movement toward roots, continuous root ex
tension becomes essential for absorption of enough water to sustain
growth (Kramer and Code, 1940). As Kramer (1949) stated, the wa
ter in the mass of soil into which roots do not grow is essentially un
available to plants. This means that trees with an inherent capacity
to develop rapidly growing root systems are most likely to maintain a
favorable water balance after transplanting. Woods (1959), for exam
ple, attributed the high survival of slash pine to rapid initiation of
root growth soon after transplanting.
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If the root surface is not adequate to supply transpirational losses,
internal water deficits are likely to develop. Reduction of the size of
the root system relative to shoot size by fertilizers, eradicants, me
chanical injury, diseases, or insects often causes severe water deficits
in the top. Allen (1955) observed high losses of outplanted longleaf
pines because they lost water faster than their disturbed and damaged
roots could supply it. He found that clipping the needles decreased
transpirational loss and increased survival following outplanting. Av
erage increases in survival after clipping of needles varied from 10 to
SO per cent, and sometimes exceeded 50 per cent. Clipping was most
beneficial on good sites and in years of average precipitation. Altering
shoot-root ratios by removing leaf surface may also impede growth by
reducing the photosynthetic surface, but this is not nearly as serious
a problem as is that of tree survival.
Close supervision is needed during transplanting to insure that
transplants do not desiccate to critical levels. It sometimes is not ade
quately appreciated that exposure of nursery stock to drying for even
short periods may have adverse effects on survival. Whether it does
or not varies with species and the physiological condition of the
plants at the time they are exposed. Some studies with southern pines
showed small effects on survival after root exposure, even of long pe
riods, whereas others showed appreciable effects after only a few min
utes of exposure. For example, roots of loblolly pine could be ex
posed for thirty minutes (Slocum and Maki, 1956); of longleaf pine
up to two hours (Slocum and Maki, 1959); and of loblolly and long
leaf pine up to three days without significantly lowering survival
(Slocum and Maki, 1960). By comparison, Cummings (1942) noted
adverse effects after exposing shortleaf pine for only five minutes.
These discrepancies might be caused by variations in the physiologi
cal condition of the nursery stock or differences in weather in the
different experiments. Cummings exposed pine seedlings in southern
Indiana on April 24. As it is customary in that area to lift and plant
nursery stock in the spring before there is much or any root elonga
tion, the damage after only short exposure may have been related to
low root regenerating potential. One experiment showed that expo
sure of nursery stock for only four minutes affected survival (Her
mann, 1962). When 2-0 Douglas-fir seedlings were exposed to drying
for periods up to two hours, survival by November of the year of
outplanting was decreased with each added length of exposure. Al
though small seedlings were affected more adversely than large ones,
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the survival of both sizes was low after exposure for thirty minutes or
more. Seedlings lifted in the fall did not survive more than a few min
utes of exposure, whereas those lifted in the winter survived up to
thirty minutes' exposure (Hermann, 1964). These experiments indi
cate that an understanding of the dangers of desiccation of nursery
stock, together with the use of polyethylene packaging to conserve
moisture, may result in increased success in plantation establishment.
At this point tribute should be paid to the vision and pioneer
research of Wakeley (1954, 1963) on development of physiological
grades of nursery stock with a high potential for growth and survival.
Although space does not permit a detailed analysis of this important
work here, it should certainly be recommended as important reading.
Wakeley showed that internal physiological conditions of southern
pine seedlings often greatly outweighed morpholgical features in in
fluencing tree survival after outplanting. High physiological quality
of seedlings appears to improve growth and survival through con
trol of internal water balance by insuring water uptake shortly after
planting. Establishment appears to be a function of rapid root growth
following outplanting. Treatments which reduce physiological qual
ity also interfere with formation of new roots after transplanting.
Fertilizer regimes in the nursery are very important in affecting sub
sequent survival of transplants (Wakeley, 1954). Much additional re
search is needed on nursery regimes that will influence food reserves,
growth regulators, and mineral balance in nursery stock in such a way
as to insure a favorable internal water balance in trees after trans
planting. Some criteria of acceptable physiological grades of nursery
stock developed by Wilde (1958) have been very useful. The research
by Stone and his colleagues at California on factors controlling root
regenerating potential of nursery stock also has important implica
tions in the water balance and survival of transplants (Stone, 1955;
Stone and Schubert, 1959; Stone, Jenkinson, and Krugman, 1962;
Stone et al., 1963) .
WATER SUPPLY AND TREE GROWTH

Internal water deficits in trees impede both vegetative and reproduc
tive growth in a complicated way. The amount of growth decrease
varies greatly with the degree of internal water deficit and with the
time and duration of its occurrence. A water deficit during the grow
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ing season often affects growth rapidly and there may also be a carry
over effect into the next year. A given water deficit affects some species
more than others and the reasons for this will be discussed later.
WATER SUPPLY AND SHOOT GROWTH

Internal water deficits in trees impede growth of shoots by influencing
development of shoot primordia and by subsequently suppressing ex
pansion of these primordia. Hence, drought has a carry-over effect in
many species from one year, when shoot primordia are formed, to the
following year when they expand. Drought also has a short-term ef
fect in restricting expansion of shoots within any one year. These ef
fects of drought will be considered separately.
Water Deficits and Site Quality
As Zahner (1968) stated, there are no tall trees on poor sites. Site
quality is commonly expressed in terms of site index or the average
height of dominant trees in a stand at age fifty. Extensive studies by
Coile and his colleagues (Coile, 1952; Coile and Schumacher, 1953)
showed that site quality is determined largely by soil physical characters
which influence soil water relations. For example, in well-drained
sandy soils of the North Carolina Coastal Plain, site quality increases
with decreasing friability of the subsoil, probably because the lessfriable subsoils store more water than sandy subsoils. Hence, indirect
soil physical properties and physiographic features have been mea
sured by investigators who have classified sites in terms of soil moisture
regimes (Gaiser, 1952; Carmean, 1954; Zahner, 1958a, 1968).
Several studies have shown that height growth of oaks is restricted on
shallow, coarse-textured soils on ridges, as these soils have high water
deficits (Trimble and Weitzman, 1956; Carmean, 1961; Della-Bianca
and Olson, 1961). Using regression analysis Zahner (1958a) found
site index of loblolly and shortleaf pine in southern Arkansas and
northern Louisiana to be related to soil and topographic variables.
Site factors which helped regulate soil moisture were highly correlated
with site index. On mature upland soils, loblolly and shortleaf pines
were similarly influenced. (1) As the thickness of the surface soil in
creased, site index also increased, but only to a soil depth of about
eighteen inches. Site index then levelled off, and finally decreased
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somewhat for still deeper surface soils. (2) As the clay content of the
subsoil increased from 10 to 25 per cent for loblolly pine, and from 10
to 35 per cent for shortleaf pine, site quality first increased and then
levelled off. There was a final decrease in site quality for the higher
values of clay content. (3) Site index decreased with increases of
slope.
In general, loblolly pine grew best on well-drained, small stream
bottoms. Both loblolly and shortleaf pines grew next best on better
drained loess, upland terrace, and flatwoods soils. The upper slopes
and ridges usually were poorer sites. In all topographic positions the
best sites were those of moderately deep sandy loam surface soils with
clay loam subsoils. The poorest sites were shallow surface soils overlying heavy clay subsoils, or deep sandy surface soils overlying sandy
subsoils. Very flat soils of high silt and clay content, with no surface
or internal drainage, also were relatively poor.
Water Deficits and Shoot Growth in the Same Year
In consideration of the influence of internal water deficits of trees on
shoot growth during the same growing season in which a drought oc
curs, it should be emphasized that the response will vary greatly with
species, the severity and time of occurrence of the drought, and even
with location of shoots on a tree. Internode expansion and leaf expan
sion also may be affected to different degrees by drought.
To illustrate the variable response of different species to a lateseason drought (e.g. in late July or early August), it is important to
recognize that species vary greatly in seasonal duration of shoot
growth. Shoots of some species elongate in only two to six weeks,
whereas those of other species expand over several months (Fig. 6).
In many species shoot formation involves differentiation of shoot
primordia in the bud during the first year and expansion of the pre
formed parts into a shoot during a relatively early part of the frostfree season of the following year. For example, in Connecticut species
with such preformed shoots in the winter bud (Acer saccharum Marsh.,
Fagus grandifolia Ehrh., Pinus strobus L., and Pinus resinosa Ait.) had
completed shoot expansion well before the end of June (Keinholz, 1934,
1941).
In a second group of trees (e.g. Populus, Betula, and Liriodendron), called heterophyllous species, growth of some shoots involves

SOIL WATER AN D TREE GROWTH

43

Ficure 6. Variations in seasonal duration of height growth of young trees of several
species in the South. Seasonal changes in natural daylength and the average minimum
temperature also are given. From Kramer and Kozlowski (1960); used by permission
of McGraw-Hill Book Company.

expansion of primordia preformed in the winter bud and of new primordia which are produced during the current growing season. In
such species shoots are not fully predetermined in the winter bud and
both early leaves (from preformed primordia) and late leaves (from
new primordia) are produced. The expansion of shoots in these spe
cies often occurs over a considerably longer period than in species
with shoots fully preformed in the winter bud (Kozlowski, 1964b;
Kozlowski and Clausen, 1966; Kozlowski and Keller, 1966).
But there is still a third type of inherent shoot growth pattern
which is important. This is the recurrently flushing pattern which is
exemplified by pines of the southern United States (loblolly, short
leaf, longleaf, and slash pines). Recurrent flushing is by no means
restricted to southern pines, however, and is characteristic of a num
ber of semitropical and tropical trees, including Citrus, Theobroma,
Olea, and Hevea (Kozlowski, 1964b), to cite a few examples. Shoot
growth of the recurrently flushing southern pines involves the expan
sion of one to several terminal buds on the same shoot in one growing
season. The winter bud expands into a shoot in the initial seasonal
growth flush. Then a new bud forms on the same shoot and shortly
thereafter expands into a new shoot and the process may be repeated,
all during the same year. Most individual shoots do not show more
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than two or three separate growth flushes in a year, but as many as
seven buds have been reported to elongate on the terminal leader of
some southern pines in one growing season (Wakely and Marrero,
1958). The important point is that the seasonal duration of shoot
growth in recurrently flushing spedes is much greater than in spedes
which exhibit only a single annual flush of shoot growth.
It should be obvious that whereas a late July or early August
drought may not affect current-year shoot elongation of predeter
mined species, whose shoots expand only during the very early part
of the frost-free season, it will, in contrast, restrict expansion of shoots
of trees with long growing seasons such as heterophyllous and recur
rently flushing spedes. But the situation is not that simple, for pre
determined spedes which normally expand shoots during the early
part of the frost-free season only may occasionally produce some ab
normal late-season lammas or proleptic shoots from opening and ex
pansion of buds which normally would not open until the following
year. Obviously the expansion of such abnormal late-season shoots can
be affected by severe late-season water deficits if they occur at the time
such shoots are expanding. Another complication is that some shoots
on a tree are affected differently by droughts than are other shoots.
For example, in Larix both short and long shoots are produced. The
short shoots consist mostly of needles which are expanded early,
whereas the long shoots continue to expand both needles and inter
nodes late into the summer. Therefore, a late summer drought may
be expected to slow down growth of long-shoot internodes and to have
little effect on the short shoots whose leaf expansion preceded the oc
currence of drought (Clausen and Kozlowski, 1967). In the southern
pines late summer droughts may be expected to influence expansion
of shoots of the upper crown to a greater extent than those of the lower
crown. This is because the number of seasonal growth flushes varies
with shoot location in the crown. Shoots in the upper crown exhibit
more seasonal growth flushes than those in the lower crown. In fact,
buds of some lower branches may not open at all (Eggler, 1961).
In some species the seasonal duration of leaf expansion is very dif
ferent from that of internode expansion. In white pine, for example,
shoot internodes required only thirty-five to forty days for expansion
whereas needles required eighty-five to ninety-five days (Lister et al.,
1967). When internode expansion ceases early, a drought thereafter
may affect leaf expansion but not internode expansion when all of the
latter precedes occurrence of the drought. Lister et al. (1967) com
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pared shoot growth of white pine seedlings maintained under water
stress for much of the growing season with shoot growth of wellwatered seedlings. Water deficit caused only a slight reduction of intemode elongation and a proportionally greater decrease in needle
length. Both the rate and duration of needle growth were decreased by
drought.
WATER SUPPLY AND CAMBIAL GROWTH

There is not much evidence that variations in water supply play a
very important role in initiation of seasonal cambial growth. Volumi
nous evidence is available, however, that once seasonal cambial growth
has begun, water deficits in trees thereafter play a major role in con
trolling cambial growth (Kozlowski, 1962, 1964a). The width of the
annual ring and its distribution along the bole, seasonal duration of
cambial growth, proportion of xylem to phloem increment, time of latewood initiation, and duration of latewood production are influenced by
the amount of water and its availability at different times of the growing
season. Evidence of marked sensitivity of cambial growth to water supply
comes from established correlations of xylem increment and rainfall or
available soil water, irrigation studies, and thinning studies. The fact
that the width of annual xylem rings varies from year to year with water
supply has provided the basis for the science of dendrochronology.
As mentioned, the width of the annual ring is influenced both by
the amount of rain and its seasonal distribution (Fig. 7). As internal
water deficits develop in trees during midsummer droughts, cambial
growth slows or ceases and accelerates or resumes with the next rain.
In northern Mississippi, McClurkin (1958) noted that radial growth
of shortleaf pine varied with available soil moisture and declined
during prolonged periods of rapid soil moisture depletion. For exam
ple, during a dry period of May 8 to 20, 1954, radial growth amounted
to only a few thousandths of an inch. Growth accelerated after a rain
at the end of the month and slowed down again as the soil resumed
drying. In 1955 cambial growth declined again in May as the soil
moisture content decreased steadily.
During a dry summer, diameter growth of loblolly pine in Arkan
sas stopped by August. However, it resumed during September, which
was rainy, with the result that about a third of the total seasonal xylem
ring was produced during September and October (Zahner, 1958b).
Smith and Wilsie (1961) found that ring width was highly correlated
with current-season (June to October) soil moisture deficits.
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F icure 7. Effects of water deficits on cambist growth as shown by relation o f ring
width for two red pine plantations and rainfall and water deficits over a 10-year period
in Michigan. From Zahner and Donnelly (1967).

Thinning often increases the rate of cambial growth. These bene
fits represent an integrated physiological response of the residual trees
to additional water, light, and minerals. The degree of cambial growth
response often is proportional to the degree of thinning. Thinning
also extends the seasonal duration of cambial growth. In Arkansas,
for example, widely spaced loblolly pine trees grew into late autumn
whereas closely spaced trees stopped growing in midsummer when
they had depleted soil moisture (Zahner and Whitmore, 1960). The
lower rate of cambial growth and earlier cessation of cambial growth
in suppressed trees than in dominant trees is a response to water stress
(Kozlowski and Peterson, 1962).
Sometimes oversevere thinning may set in motion conditions which
lead to a deterioration of growth of the residual trees. In Wisconsin,
for example, Haberland and Wilde (1961) severely thinned dense
red pine stands. This was followed by invasion of weeds and eventually
by reduction of available water to the trees. As a result diameter
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growth of the residual trees was reduced. In such situations frequent
light thinnings may improve soil moisture conditions whereas heavy
thinning may not.
As Zahner and Donnelly (1967) indicated, the relation of total pre
cipitation to annual ring width almost always has been studied with
out taking into consideration two important sources of variation: one
in the pattern of growth and the other in the pattern of rainfall. The
first is the intrinsic distribution of growth along the annual wood
sheath described by Duff and Nolan (1958). The other is use of rain
fall without accounting for day-by-day water availability. Zahner and
Donnelly (1967) reduced these sources of variation by using vertical
rather than horizontal sequences of ring width and using calculated
water deficits rather than rainfall. Their multiple regression analyses
accounted for over 80 per cent of the annual variation in ring width
of 21-year-old red pine trees by water deficits and rainfall together for
both the previous and current growing seasons. July to September
moisture conditions of the previous season were associated with 14
per cent of the variation in ring width. May through September mois
ture conditions of the current season were associated with 68 per cent
of the variation. Bassett (1964) combined estimates for twenty-one
years of available soil moisture in an Arkansas pine forest with esti
mates of potential evapotranspiration to get an index of potential
growth. With linear regressions of measured potential growth on cal
culated potential growth, he was able to account for 95 to 97 per
cent of the variation about the regression lines.
Severe internal water deficits in trees often cause the formation of
discontinuous rings or sometimes prevent any xylem from forming in
the lower stem. For example, Fritts et al. (1965) studied tree ring
characteristics from the forest interior to a semidesert forest border.
As moisture became limiting toward the dry forest border the percent
age of absent xylem rings increased sharply. These observations con
firmed those of dock et al. (1960), who noted that annual rings of
trees in the forest interior were of rather uniform thickness, whereas
at the forest border they were made up of variable thick, thin, and
partial xylem increments. In a forest border in the arid Southwest, as
fluctuations in soil moisture become more intense and rapid, increas
ing numbers of partial layers of cambial growth resulted. Cambial
reactivity following a rain varied from production of a few isolated
large cells to incomplete growth layers and even complete, entire
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growth layers. The production of late-season lammas shoots in re
sponse to abundant rainfall often results in cambial reactivation and
formation of false, multiple, or intra-annual rings.
Lag Effects of Water Supply on Cambial Growth
In addition to controlling cambial growth while a drought is in
progress, water deficiency may also be expected to affect cambial growth
in the subsequent year, or even years. Such a lag effect is the result of
the influence of water supply on crown development and its physiologi
cal activity.
Although total shoot growth of species such as the southern pines
often involves formation and opening of several buds on a shoot with
in one season, the majority of temperate zone species produce an an
nual shoot from expansion of a single bud only (Kozlowski, 1964b).
Hence, shoot formation of many species is a two-year process involv
ing bud differentiation the first year and extension of parts within the
bud into a shoot during the second year. As water deficits during the
year of bud formation often regulate the number of leaf primordia
laid down, they influence the number of leaves, and hence leaf sur
face, in the following year when the predetermined shoots expand
(Zahner, 1968).
Cambial growth, which depends on a downward flow of carbohy
drates and hormonal growth regulators from the leaves, varies greatly
with leaf development. And, as mentioned, leaf development depends
to a considerable extent on prior-year weather. It is not surprising,
therefore, that cambial growth is controlled by water supply of both
the current and previous year. For example, Schumacher and Day
(1939) observed that ring width of white oak in the southeastern
United States was correlated with rainfall in June of the previous year
as well as with rainfall of the current year. Fritts (1962) found that en
vironmental conditions of the previous year were equally effective or
more so than those of the current year in regulating cambial growth
of American beech. Tryon and True (1958) found better statistical
relationships between diameter growth of scarlet oak trees and rain
fall of the previous year than with that of the current year. Zahner and
Stage (1966) used regression analysis to study the influence of water
deficits during May to October of both the current and previous year
on basal area growth of western white pine in northern Idaho.
Droughts during June of both the previous and current year inhibited
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basal area increase, further emphasizing both rapid and lag responses
of cambial growth to water deficits.
Although thinning of stands improves light and soil moisture con
ditions for residual trees, the beneficial effects on cambial growth
sometimes are not transmitted to the lower stem for a long time. This
is especially true for trees with sparse crowns which tend to concen
trate cambial increment in the upper stem. When such trees are re
leased by thinning, their increased production of carbohydrates and
hormones often is directed first toward crown development. Only
after a rather long lag period does cambial growth accelerate in the
lower stem. For example, cambial growth of stagnated Pinus ponderosa Laws, trees was greatest at 80 per cent of stem height and least
at the base. After thinning, diameter growth at the base of stems of re
maining trees was unaffected for two years during which time tree
crowns increased in size. In the third year after thinning, however, the
widest growth rings were produced at the base of the stem (Myers,
1963).
Water Supply and Earlywood-Latewood Relations
In addition to controlling the width of the annual ring, water sup
ply influences the relationship between earlywood and latewood which,
in turn, affects specific gravity and quality of wood. Water supply affects
the time of latewood initiation, the length of time during which latewood is produced, and the transition between earlywood and latewood.
Drought triggers early formation of latewood and sustained subsequent
drought shortens the period of latewood formation (Kozlowski, 1964a).
Several studies showed that low water supply causes latewood forma
tion to start early in the growing season. For example, in 1954 soil
moisture decline in Michigan began on June 21 and latewood forma
tion in red pine began at the end of June. During the next year,
however, soil moisture declined early, between May 23 and June 29,
and the earlywood-latewood transition also occurred early, between
May 27 and June 9 (Kraus and Spurr, 1961). Zahner and Oliver
(1962) showed that red pine trees released by thinning began the
formation of latewood about two weeks later than in unthinned con
trols. The longer duration of earlywood formation in the released trees
was ascribed to delay in depletion of soil moisture.
Much evidence is available which indicates that high water availa
bility late in the season increases the total width of latewood. Irriga
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tion by Paul and Marts (1931) promoted wide bands of latewood in
longleaf pine. According to Howe (1968), irrigating 100-year-old
ponderosa pine trees in arid eastern Washington resulted in as much
as a 40 per cent increase in latewood width. Barrow (1951) observed
that Douglas-fir trees growing near a river had wider latewood bands
than those at some distance away, further indicating that available
soil moisture late in the season prolongs latewood production. Some
effects of seasonal water deficits on cambial growth in both the upper
and lower stem are summarized in Figure 8.
Indirect and Direct Effects of Water Deficits on Cambial Growth
Internal water deficits in trees inhibit cambial growth by affecting
cell division, cell enlargement, and differentiation of cambial deriva
tives. The mechanism by which various aspects of cambial growth
are affected is complicated and appears to involve both indirect effects
of water deficits through influencing crown activity and direct effects
through a water deficit in the cambial cells (Kramer, 1964).
Indirect Effects of Water Deficits. The indirect effects of water deficits
on cambial growth are exerted by influences on crown tissues result-

8 . Effects of seasonal water deficits on cambial activity at two stem heights.
General examples are given of radial rows of tracheids formed under various en
vironmental water conditions. The first cell of the season is shown at the left of each
row and the last cell of the season at the right. The numbers of cells are condensed for
convenience but upper and lower bole and earlywood and latewood cells are shown
in proportion to actual numbers. The percentage of latewood is given in parentheses
after each row of cells. From Zahncr (1963) .
F
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ing in reduced synthesis and downward transport in the stem of car
bohydrates and hormonal growth regulators. Water deficits often de
velop rapidly in leaves and photosynthesis declines even under mild
water deficiency (Brix, 1962). Roberts (1964) reported that the
amount of carbohydrates, the rate of translocation, and the distance to
which carbohydrates were translocated downward in yellow-poplar
stems were greatly reduced as water deficits developed in leaves. Wa
ter stresses in leaves also reduce the amount of hormones which
reaches the lower stem. Hatcher (1959) found that auxin content of
tree stems was low during droughts and high during rainy periods.
The importance of a supply of products created by leaves on cam
bial activity is dramatized by arrested xylem production in defoliated
or disbudded trees or below stem girdles. Girdling experiments of
Evert and Kozlowski (1967) showed that normal cambial growth of
trembling aspen depended on a continuous supply of regulatory sub
stances from the leaves during the growing season. Blocking the
phloem at various times during the growing season had drastic and
rapid inhibitory effects on cambial growth below the point of block
age. Loomis (1935) also found that girdling twigs at a time when the
cortex, wood rays, and pith in the twigs were filled with starch stopped
cambial growth rapidly. This suggested that food supply was not con
trolling growth directly and placed considerable emphasis on the im
portance of hormonal control of cambial growth.
Direct Effects of Water Deficits. In addition to influencing cambial
growth indirectly through the crown, droughts also appear to affect
cambial growth directly through a water deficit in the cambial cells
(Zahner, 1963; Kramer, 1964). Zahner (1968) stated that living cells
probably are under moderate to severe water stress during much of
the growing season because of high tensile forces which develop in
the adjacent mature xylem. Rates of cell division and enlargement
appear to be reduced when internal water deficits are sufficiently high
for dehydration and shrinkage of tissues containing mother cells and
derivatives. If cambial cells are severely dehydrated, water deficits may
play some direct role in cell division and maturation, because loss of
turgidity will prevent auxin and food supplies from acting. Reduction
in turgor has been shown to reduce enlargement of cells even in the
presence of auxin (Ordin, 1958, 1960). Whitmore and Zahner (1967)
concluded that water deficits had a direct influence on cell wall me
tabolism of cambial derivatives, and this effect was independent of
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control of cambial activity by crown tissues of Scotch pine. When
water deficits were induced in pieces of xylem tissue by polyethylene
glycol, incorporation of glucose in cell walls was reduced over that in
cells which were not undergoing water stress.
Discussion
Question:
Is diameter shrinkage due to water deficit ever irre
versible after prolonged stress? For example, can it
become fixed in the tissue structure?
Dr. Kozlowski: Yes, a water deficit of long duration often is fixed in
the character of the tissues by causing narrowdiameter wood cells to form. Subsequently, when
water deficits are relieved, large-diameter cells are
formed. This sequence of events produces the wellknown false ring. However, if soil is reasonably
moist, the normal daily stem shrinkages in the af
ternoon, followed by rehydration and stem expan
sion at night, generally do not cause a false ring to
form. Hence, whether internal water deficits alter
expansion and maturation of cambial derivatives
depends on the severity and duration of the stress.
To what extent does the heartwood function as a
Question:
reservoir from which water is more quickly avail
able than through the roots?
Dr. Kozlowski: I have not investigated this specific question. How
ever, on the basis of several lines of evidence I see
some difficulties. First of all, in many species the
sapwood water content is higher than that of the
heartwood. Secondly, in some species at least, large
seasonal fluctuations in moisture content occur in
the sapwood, whereas those in the heartwood are
more stable. This general feature also is true with
respect to diurnal fluctuations in moisture content
of heartwood and sapwood. Also the wet patches
which sometimes occur in the heartwood of balsam
fir and hemlock (Tsuga sp.) do not appear to be
available as water reserves because they do not dis
appear during the summer. Finally, there appears
to be considerable resistance to water movement in
the heartwood as a result of aspirated pits, extrac-

SOIL WATER AN D TREE GROWTH

53

fives, gums, tyloses, etc. In some of our experiments
we have injected dyes into both the heartwood and
sapwood of living trees. Water-soluble dyes in the
sapwood moved upward readily whereas those in
the heartwood did not. Despite these observations
I believe that you have raised a question with very
important physiological implications. Because the
heartwood moisture content is less than that of the
sapwood in some species, and higher in others, I
would very much like to see further detailed re
search on the subject.
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MANIPULATING BIOTIC FACTORS
IN THE SOUTHERN FOREST ENVIRONMENT
ROBERT S. C A M P B E LL*
Editor, Journal of Range Management
Quincy, Illinois

This paper deals with living things and their products—plants and
animals, including man—as ecological factors on southern forest
lands. As forest managers we can manipulate or influence many of
these factors. We shall consider three main topics: (1) several basic
characteristics of living things, (2) familiar examples of how some
plants and animals affect our use of southern forest lands—and what
we can do about them, and (S) man as a problem in managing forest
lands.
CHARACTERISTICS OP ORGANISMS

Picture any forest area off the beaten path—what meets the eye and
ear? The scene seems fairly quiet, disturbed only by an occasional
bird call, a small animal or insect, tree leaves rustling in the breeze,
and your own footsteps crunching in the litter or grass. Now just ima
gine that you have "X-ray eyes” and can see through solid things and
focus on objects as small as the parts of individual living cells; also
that you have infinite hearing range instead of being limited to the
20,000 cycles per second of most humans. You would find that the
“silent forest" is fairly seething with activity and the roar or scream of
sound of hundreds of species—trees, shrubs, herbs, grasses, fungi, bac
• Former chief. Division of Range and Watershed Research, Southern Forest Exp.
Sta., New Orleans, Louisiana.
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teria, protozoa, worms, insects, reptiles, birds, and mammals. There
are a number of processes in the lives of these plants and animals
which the land manager may influence for good or bad, depending
upon his objectives.
Nutrition
Nutrition is the provision of food or energy to sustain life processes.
For example, a pest may be reduced through the nutrition route. For
years it was believed that town ants (Atta texana Buckley) fed only on
their specific fungus. Then it was discovered that they would seek out
and eat soybean oil. Mirex pelleted bait, using the oil as an attractant,
was developed as a sure treatment to kill all the ants in a colony
(Echols, 1966).
Respiration
This process is related to nutrition: it is the release of energy
through the oxidation of complex organic substances (or food).
What better example of the manipulation of this factor than the stor
age of southern pine seed? Temperature and moisture conditions
are set to allow sufficient respiration to keep the seed alive, but not
to deplete the stored food or injure the embryo.
Transpiration
Transpiration is the evaporation into the air of moisture from fo
liage or other living plant material. Transpiration from a forest may
return more moisture to the atmosphere during a growing season
than rainfall during the same period. Thus one of the reasons for kill
ing hardwoods in a release cutting is to check the rise in transpiration
and make available more moisture to pines.
Movement
Plant movements are limited to seed dispersal and to tropic move
ment and other responses to external stimuli. Animal movements
usually follow fairly definite patterns related to the search for food,
water, and shelter. These patterns, when carefully studied and under
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stood, may be used by the forest manager in providing adequate food
supplies for game animals and birds or in control operations of pests.
Growth
Growth, in the organism or its individual cells, occurs in a charac
teristic S-curve in three stages: formative, enlargement, and matura
tion. Rate and quality of growth are of primary interest to every land
manager, whether he is concerned with wood products, plant cover
for erosion and flood control, or forage for livestock and big game.
Growth itself is a biological occurrence, influenced by both climatic
factors and edaphic factors. But growth is also strongly influenced by
biotic factors, including competition. Both plants and animals suffer
from overcrowding, injury, parasites, and disease. Growth would be a
good subject for an entire symposium.
Reproduction
Reproduction is the formation of a new individual animal or plant,
including production and distribution of seeds and the first establish
ment of seedlings. The process is influenced, or even determined, by
biotic factors of animals, insects, birds, diseases, and man at every step.
The simple procedure of pollination requires insect visitors for many
plants. More seeds are consumed by animals, birds, and insects than
are allowed to germinate; and young seedlings may be eaten, trampled,
diseased, smothered or burned; and infant mortality in insects, birds,
and small vertebrates is tremendous. These are really biotic factors at
work.
Death
Even in dying, plants and animals serve a purpose, either as com
mercial products, as food or shelter for other living things, or as a con
tribution to the litter and humus of the forest soil.
Energy Flow
All of the above life processes involve energy flow—the flow of ener
gy between the organism and the environment. Current ecological
studies of energy budgets may contribute to our understanding of
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life cydes and to our management of individual species and groups
of organisms.
Four additional characteristics of living things deserve mention, al
though they apply more generally to groups: variability, competition,
change (including succession), and homeostasis.
Variability
One of the most intriguing things about nature is that no two in
dividual organisms or bits of environment are identical. Thus we must
recognize and deal with differences between individuals, spedes, plots,
stands, compartments, and types—problems in sampling, interpreta
tion, and management.
Competition
Competition is greatest between individuals or spedes which make
similar demands upon the same supply of water, nutrients, or light
at the same time. For example, on severely depleted and burned bot
tomland sites, dense brush and vines may develop and suppress desir
able hardwoods.
Change
Change involves both natural succession and changes brought
about by man. Many of us can recall two tremendous changes in cen
tral Louisiana’s pine forests: (1) the clearcutting of the virgin stands—
leaving large areas where one could see the landscape for miles
around, then (2) the return of these same lands to pine by planting
or direct-seeding.
Homeostasis
This state in any system is achieved by the balandng of opposing
forces (Langley, 1965). Homeostatic mechanisms operate within com
munities, populations, and individual organisms. Thus, survival of a
species population depends upon adaptation to a continuously
changing environment. At the same time, survival involves maintain
ing a semblance of stability under changing conditions. Thus, over
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short time periods, biotic communities remain relatively stable under
dynamic environmental fluctuations.
BIOTIC FACTORS AT WORK

Artificial Regeneration
Artificial regeneration of the southern pines is truly one of the for*
estry miracles of our time. Large-scale planting of southern pines has
occurred only in the past forty-five years. Prescribed burning for site
preparation in advance of natural or artificial regeneration has been
an officially approved practice for just twenty-five years; commercial
direct-seeding has been under way for a mere dozen years. In all
these cases, success required recognition, observation and research,
and development of procedures to overcome or alleviate a series of
restricting biotic factors. Wakeley (1954) mapped the approximate
boundaries of some plantation and nursery hazards, including littleleaf disease, fusiform rust, brown spot, pocket gophers, and leaf
cutting ants. Add to these the choice of species—a biotic factor involv
ing inherent differences between species—and planting is widely and
successfully practiced today. Perhaps more romantic is the develop
ment of direct-seeding—step by step elimination, reduction, or avoid
ance of biotic hazards in the successful regeneration of more than one
million acres in the South. Mann (1959) outlined the steps in order;
1. Handling the seed—preferably cold stratification of loblolly and
slash to break dormancy and speed germination.
2. Finding an effective bird repellant—Arasan 42-S is now recom
mended by Mann and Derr (1964); it also serves as a seed disinfectant
and fungicide.
5. Addition of a toxic insecticide (Staufer’s Endrin-50W) at a sublethal dosage to repel rodents, plus a sticker (Dow Latex 512-R).
4. Season of sowing—for example, longleaf in early November to
avoid excessive damage by rodents.
5. Hardwood control during the first growing season—delay retards
growth and increases mortality, especially in a dry year.
6. Protection from grazing damage by livestock and wild animals.
Insects and Disease
Wahlenberg (1960) lists forty-six species of insects of economic or
potentially economic importance on loblolly pine trees or wood. He
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states: “In the forest, insect damage is often spotty and seldom spec
tacular. . . . Periodically certain conditions favor development of epi
demics and unless detected in the early stages, they may reach cata
strophic proportions.” He notes the Ips epidemic and critical drought
of 1956 that probably killed more than fifty million board feet in
Texas alone.
Another killer is the southern pine beetle (Dendroctonus frontalis
Zimm.). An epidemic in Mississippi in 1952 deadened thirty million
board feet. Pine sawfiies (Neodiprion sp.) in recent years have as
sumed economic importance through severe defoliation of all ages of
pines.
The hardwoods are equally susceptible to insect damage, includ
ing the borers in oaks and cottonwood, bark scarrers, galls, and defoli
ators, such as tent caterpillars (Malacosoma disstria Hbn.) (Putnam
et al., 1960).
Beetles and other insects may inoculate trees with various fungi,
such as blue stain, but other diseases may infect trees directly. Brownspot needle blight (Scirrhia acicola) is a classic example of a disease
that passes directly from one pine to another. Fusiform rust (Cronartium fusiforme), on the other hand, requires an intermediate host
(oaks). Aeciospore release from pines in spring is well synchronized
with the presence of susceptible young oak leaves (Snow and Kais,
1966). Researchers have found individual southern pines resistant to
fusiform rust and longleaf pines resistant to brown spot. But more re
cently, Wakeley (1968) noted that longleaf trees with juvenile resis
tance to brown spot and with early commencement of height growth
were at the same time more susceptible to fusiform rust.
These few examples illustrate the need for observation and knowl
edge of life processes and developmental stages of diseases and insects
as a basis for their control and for management of desired species to
avoid epidemics or catastrophic losses. Control involves such measures
as salvage, burning slash, and spraying with insecticides or fungicides.
But the cutting, burning, or spraying to protect one species or product
may adversely affect some other desirable product, such as watershed,
wildlife, range, or recreation.
Watershed Protection
Soil erosion, flooding, and water supply are problems of some de
gree throughout the South, perhaps less severe on most forest lands
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than on cultivated areas, but still actual or incipient. One of the most
spectacular eroding areas is the Yazoo-Little Tallahatchie watershed
in north Mississippi. Ursic (1967) has stated that "for watershed pro
tection, it is the forest floor and not the forest stand that is managed."
Since 1944, project technicians tested a hundred or more herbaceous
and woody species on these loessal soils. African weeping lovegrass
(Eragrostis curvula) has emerged as the most promising grass and is
widely used for initial erosion control. For permanent soil stabiliza
tion, large areas have been planted to loblolly pine, which in five to
eight years produced at least 0.5 inch of litter—sufficient to stop ac
celerated erosion, reduce flood flows, and under Y-LT conditions con
tribute to ground water. But harvesting of these trees must be done in
a way that will continue the protective role of the forest. So here the
grass and trees become biotic factors which man uses to protect water
shed values.
Wildlife and Livestock
Wildlife. Wild animals are an integral part of the ecosystem in south
ern forests. The entire region is game country and large areas are man
aged for commercial hunting (Stoddard, 1962). The variety and num
ber of animals—whether deer, small game, quail, or other forms—are
directly and sensitively controlled by the forest type, successional
stage, and capacity of the continuously changing habitat. The effects
of these changes are rapid and may be devastating or beneficial to
game and non-game species alike. In East Texas, grass and total herb
age decreased with increasing pine-hardwood cover in a curvilinear
relationship (Halls and Schuster, 1965). Similar results have been
found in several other southern states. In Louisiana, browse yields
in 30-year-old loblolly pine plantations were directly related to the
amount of pine removed in thinnings (Blair, 1967). However, within
ten years after each thinning, many of the young hardwoods and
shrubs grew beyond the reach of deer and formed a mid-story that in
hibited growth of forage plants beneath. Diversity of food and cover
within the home range can be provided by including the needs of
game animals and birds in the plans for intensive forest management.
Stability of this diversity over the years may be aided by planning har
vest cuts, regeneration, prescribed burning, hardwood control, and
thinning in blocks of about one hundred acres (Stransky and Halls,
1967).
Livestock. Forage for domestic livestock is one of several important
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products of southern forests, particularly in the longleaf-slash pine
belt (Halls et al., 1964). Grasses, forbs, and shrubs are most nutritious
in spring and summer and cattle gains are highest then. In central
Louisiana, herbage yield and density (mostly grasses) were greater
and vegetative composition remained relatively more constant under
moderate than under heavy or no grazing. Cattle compacted the soil,
but insufficiently to impair herbage growth or to accelerate erosion
(Duvall and Linnartz, 1967). Effects of soil compaction on pines in
this area is not yet fully determined. Nutritive values are low in win
ter so livestock must be removed or supplemented on the range (Du
vall and Hansard, 1967). However, deer subsist in winter on mast and
palatable shrubs.
For livestock, deer, and upland game birds, the judicious use of fire
may be combined with other silvicultural practices to maintain food
and cover for these users of the forest (Stoddard, 1963). There is not
time here to elaborate on fire effects. Suffice to say for forage produc
tion, as for watershed management, manipulation of the tree stand
becomes a biotic factor that makes or breaks the environment for de
sirable forms of life.
MAN

Southern forest lands make up a natural resource ecosystem in
which man has direct involvement in a complex set of ecological prod
ucts. In fact, man is the supreme biotic factor. To illustrate, much of
the Coastal Plain was laid down under the sea during the Cretaceous
period some 70 million to 135 million years ago. Pines were in the up
lands at least 180 million years ago; then insects, mammals, and flow
ering plants expanded during the past 70 million years. After inter
mittent submerging, the water receded, plant cover developed, and
forests grew. Apparently the American Indian came into our region
5,000 to 10,000 years ago, and the white man less than five hundred
years ago. There was some clearing for cultivation, but within the
past one hundred years, the remaining virgin forest was cut for lum
ber. Subsequently, it was discovered that second-growth timber pro
duced commercial forest products, and more recently it was found
that clearcut areas could be regenerated by planting and seeding as
already described. Such is the accelerated pace of changes in the en
vironment brought about by man.
Griessman (1967) has pointed out that dramatic changes are taking
place in the South’s social environment—that the South is a region
confronted by a mass society—“which has for its characteristic features
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urbanization, mass production, mass marketing, mass psychology, and
mass communication.”
With the development of this urbanized mass society and its con
comitant pressures, the need grows for escape by increasing numbers
of people. Public and private forest-land managers have noted the in
crease in hunting, fishing, camping, hiking, nature study, boating,
swimming, and just plain relaxation in the woods. And everything
points to further increase in these activities as the urban population
continues to grow. Problems include man-caused fires, physical dam
age to resources and improvements, pollution, and ordinary cleanup
behind careless picnickers and campers. For example, Region 8 of the
U.S. Forest Service still spends more each year on campground cleanup
and repair than on new recreational developments. In southern Appala
chian recreation areas, Ripley (1962) found a relation between volume
of use and site degradation as expressed in ground cover and site erosion.
James and Ripley (1963) pointed out that hardwood tree species are
generally better able to withstand the impacts of recreational use, as
gaged by disease infection, insect infestation, and decline, than are ever
greens. They further pointed out that land is not unlimited and present
developments are located on the best sites in most scenic areas. They feel
it urgent to protect these sites from further destruction. Ripley (1966)
suggested several measures to rehabilitate present recreation sites, includ
ing drainage, layout, walkways, and revegetation for ground cover,
screens, shade, and pleasing vistas.
We can only mention here the current controversies over pollution
of land, air, and water, including the use of agricultural chemicals.
So what do we do about man as a biotic factor in our southern
forests? Mark Twain (Clemens, 1962) had some thoughts about this
in his essays on "The Damned Human Race.” He said that "we get
our notions and habits and opinions from outside influences . . . we are
creatures of outside influences.” He stated further that "as a rule our
self approval has its source in but one place . . . the approval of other
people.” Aldo Leopold (1949) had some very constructive thoughts
on conservation in general and recreation in particular. “To promote
perception is the only truly creative part of recreational engineer
ing. . . . Perception, in short, cannot be purchased with either learned
degrees or dollars.. . . As a search for perception, the recreational stam
pede is footless and unnecessary. . . . It is the expansion of transport
without a corresponding growth of perception that threatens us with
qualitative bankruptcy of the recreational process. Recreational de
velopment is a job, not of building roads into lovely country, but of
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building receptivity into the still unlovely human mind.” There is
the job ahead of us with people—a program of developing percep
tion, understanding, enjoyment, and approval of our forest land re
sources, their management, and their productivity.
Discussion
Question:
The word has gone forth in North Carolina that
very large numbers of quail and doves have died
from eating treated pine seed on direct-seeded sites.
What is the hazard, if any? Do you have a rebuttal
to such news item charges?
Dr. Campbell: I'll refer this question to Harold Derr with the
Southern Forest Experiment Station at Alexan
dria.
Mr. Derr:
First, we must realize that reports of this kind are
often grossly exaggerated when passed from person
to person. Often, too, they are reported in the press
without checking. We have encountered this many
times in our direct-seeding work; in no case were
there significant effects on wildlife. One of the
chemicals used in the repellent treatment is capable
of killing game birds, but there is little hazard when
the repellents are used properly. The hazard has
always been recognized; for that reason the materi
als, their dosage, and methods of using them were
carefully worked out with biologists at the Denver
lab, U.S. Fish and Wildlife Service. If your reports
of bird loss are true, then the possibility of misuse
of the chemical repellent should be examined. I
have examined many thousands of acres of direct
seedings without encountering this problem.
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T he preceding papers touch on a fair selection of the many physical
and biotic ecological factors which form the strands of the web which
we tug and twist as we attempt to bend the forest to our will. At times
one is led to wonder whether we are more like the flies caught in the
web rather than anything remotely close to the spider who built it.
It is well known to all of you that any forest region looks much sim
pler and more uniform from a distance than it does when viewed close
up. Living processes are also infinitely complex, yet we tend to view
them as simple. The forests of the South are especially deceitful in
this respect, because several important pines extend for thousands of
miles over vast areas of seemingly uniform terrain. It is especially
alarming that this false impression of uniformity and our impatience
with complexity grow in power with distance and become well-nigh
overpowering in the distant corporate and governmental headquarters
that play such an important role in forest management. Our forestry
cannot proceed on the blithe assumption that inconvenient site varia
tions do not exist; we can ignore them only at risk of ugly surprises in
the future.
Actually we have only begun the process of capitalizing upon these
natural variations and adjusting our forest management to them. For
mal research can go a long way in sketching the broad patterns of
variation and elucidating the specific effects of these variations. How
ever, the practicing forester on the ground should not remain happily
in .the rut of conventional procedure waiting for research to come up
with all the answers. New problems and new questions cause arrival
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at total knowledge to recede into the future at least as fast as formal*
istic knowledge progresses toward the goal.
The practicing forester who constantly questions himself about the
validity of his procedures and the nature of the environment in which
he operates continues to make as much contribution as anyone. In the
last analysis, the vital task of guiding the evolution of practical mea
sures to fit the circumstances is up to him. The circumstances change
not only in space but in time. The changes in time are not only the
result of haffling alterations in human demands but also in our improved
knowledge of each forest, each site, and each social or biological pro
cess.

Part II

FOREST COMMUNITIES OF THE SOUTH

ECOLOGY OF AN IDEAL
FOREST COMMUNITY
IN THE LONGLEAF-SLASH PINE REGION
T H O M A S C. CROKER, JR.
Southern Forest Experiment Station
Brewton, Alabama

Forest communities in the longleaf-slash pine region have developed
through a complex interaction of climate, physiography, soil, and the
biota. Since these communities largely represent an accidental combi
nation of ecologic factors, they often do not best serve the needs of
management. This paper examines in detail the ecology of a hypo
thetical community that is ideal for the typical management situation.
Special emphasis is given to problems the forester must solve in de
veloping this community.
I will briefly describe the important site factors that control the for
mation of our community; discuss the silvical characteristics of the
two major species, slash and longleaf pine; explore some aspects of
community dynamics by reviewing important successional trends in
the longleaf-slash pine ecosystem; and, finally, describe the attributes
of the selected community.
The discussion is founded on two basic premises: the first concerns
the landowner’s management objective, and the second, the role of
man in the community formation. Our management objective is as
sumed to be multiple use, with timber the major product. Naval
stores, wildlife habitat, recreational sites, and forage for cattle are also
important considerations.
The second premise is that our longleaf-slash pine community de
pends on the skillful manipulation of the ecologic processes by man.
Ecologists (Wells and Shunk, 1931; Weaver and Clements, 1938; Oost73
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ing, 1956) agree that the climax forest in this region is oak-hickory
and that the pine forests are a fire subclimax. If the natural succession
is not interrupted, the valuable pine forests are replaced by the less
valuable oak-hickory stands. Historically, man has been the major
ecologic factor determining the composition of plant communities in
this region. With the increase in population he can be expected to
exert still more influence in the future. A naturalistic approach to the
ideal forest community would be highly unrealistic in this region of
active land use and intensive forest-land management.
Now let us look at some of the total site factors that control the de
velopment of forest communities dominated by longleaf and slash
pine. For the purpose of this paper our region consists of the commer
cial range of longleaf and slash pine as shown in Figure 9. Boundaries
were determined from Forest Survey data compiled in 1961.
CONTROLLING SITE FACTORS

The region has mild winters, a long growing season with abundant
rainfall, particularly in the summer, and occasional violent wind
storms—usually hurricanes. The two most important climatic factors
are rainfall and temperature. Average annual rainfall varies from 46
to 65 inches. Mean annual temperature ranges from 60°F. to 73°F. It
is drier and colder in the Carolinas, with temperatures and rainfall
increasing to the south and west. Maximum rainfall is reached at Mo
bile, Alabama.
The mountain zone in north Alabama tends to be dry and cold.
West of the Mississippi River, growing-season rainfall is deficient.
Most of the region lies in two physiographic provinces as defined by
Lobeck (1948), the Lower and Middle Coastal Plains (Fig. 9). Gen
erally, the natural stands of slash pine are concentrated in the Lower
Coastal Plain and longleaf pine predominates in the Middle Coastal
Plain. Longleaf pine is the wider ranging species; it also occurs in the
Upper Coastal Plain, Piedmont, and Mountain Provinces.
An important physiographic feature is the multitude of small ponds,
swamps, and wet areas in the Coastal Plain provinces and the network
of narrow stream bottoms that interlaces the uplands within all prov
inces. McCulley (1950) estimated that ponds and swamps take up 25
to 30 per cent of the land in the Lower Coastal Plain of Georgia and
Florida. In the Middle Coastal Plain of south Alabama about 20 per

F igure 9. Commercial longleaf-slash pine region and the physiographic provinces it occupies.
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cent of the longleaf forests are in narrow branch bottoms (Croker,
1963).
Soils are generally siliceous rather than calcareous. They tend to be
infertile and acid. Figure 10 shows the soil orders and suborders in the
region, according to the seventh approximation (Soil Survey Staff,
1960). Because of rapid internal drainage and low moisture-holding
capacity, soil moisture is a key problem.
Man has profoundly affected the plant communities by cutting tim
ber, clearing for agriculture, grazing domestic livestock, and other ac
tivities including the planting and seeding of pines. His greatest influ
ence, however, has been through his use or exclusion of fire. Other
biological hazards, such as insects, diseases, and animals, have played
a lesser, though important, role.
The plants growing in the region, of course, are an important fac
tor. They may be classed in three broad groups: (1) pines, (2) grass
es and forbs, and (3) deciduous trees and shrubs. Generally, the pines
and grasses are more fire resistant but are vulnerable to shade and
overstory competition. Deciduous trees and shrubs are more shadetolerant but are more vulnerable to fire.

Figure 10. Soil orders of the longleaf-slash pine region.
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SILVICAL CHARACTERISTICS OF LONGLEAF AND SLASH PINE

Now let us assess some of the silvical characteristics of longleaf and
slash pine which affect their dominance in the forest community. It is
important for the forester to have this autecological knowledge if he
is to manipulate the ecological processes.
Seed supply is a key problem with longleaf. Usable crops may be
expected every three or four years, but predators feed voraciously on
the large, nutritious seeds. Boyer (1964b) found that more than 90
per cent of the seed crop was destroyed in a few weeks by a host of
predators, mainly birds and small rodents. A sufficient supply for nat
ural seeding has been obtained by leaving a large number of carefully
selected seed trees (Maki, 1952; Boyer, 1964c).
The large, winged seed often catches on grass or pine needles and
fails to reach a mineral soil seedbed, which is absolutely necessary.
This problem is aggravated by the fact that longleaf pine seed sprouts
readily—sometimes in the cone—during damp, warm, fall weather.
Burning or other measures are required to expose mineral soil.
Longleaf seedlings are highly sensitive to competition from grass,
adjacent seedlings in overdense stands, and deciduous shrubs and
trees overhead (Baker, 1949; Allen, 1965; Wahlenberg, 1946). Re
cent evidence shows that, if fire is kept out, seedlings can survive a con
siderable amount of overhead pine competition on certain sites (Boyer,
1965). In such situations, however, growth is very slow.
The peculiar seedling growth habit of longleaf pine is especially
significant in its ecology. Of particular importance is the grass stage
that has been reported by many people (Wahlenberg, 1946; Allen,
1965). During this stage, which usually lasts for four or five years but
may range from one to twenty years, the seedling makes no height
growth.
After their first year, grass-stage seedlings are highly resistant to fire
and logging damage (Bruce, 1951, 1954; Boyer, 1964a; Croker, 1956b.)
Thus, longleaf survives to dominate many sites where frequent fires
and heavy cutting eliminate its competitors. But the grass stage also
presents some serious handicaps. During this stage, longleaf pine is
most vulnerable to its major disease enemy—brown spot needle
blight, caused by Scirrhia acicola (Dearn) Siggers. This disease can
not only prolong the period of delayed height growth but may kill
many of the seedlings (Siggers, 1944). Under certain conditions fire
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can reduce the ravages of the disease without seriously damaging the
seedlings.
A long sojourn in the grass allows longleaf pine’s competitors that
are making fast height growth to completely dominate the site. Once
this has occurred, the seedlings can never regain dominance. During
the grass stage, longleaf is also vulnerable to damage from hogs and
heavy cattle grazing (Wahlenberg, 1946; Boyer, 1967).
Many investigators have studied causes of the grass-stage habit of
longleaf pine without finding a complete answer to the problem
(Brown, 1964; Allen, 1964). However, there is considerable evidence
that some of the important factors are brown spot, competition, site,
fire, and genetics (Pessin, 1944; Croker, 1959; Wakeley and Muntz,
1947; Derr, 1963).
Once longleaf pine breaks out of the grass, it grows rapidly into
sapling size. From then on it is highly resistant to most of the hazards
that beset the other southern pines. It is, however, susceptible to ice
and snow damage (McKellar, 1942). Although the trees are generally
resistant to wind damage, considerable loss may occur during hurri
canes on soils with a clay subsoil within two feet of the surface (Crok
er, 1958).
An especially strong point favoring longleaf pine is its wide eco
logical amplitude. This is indicated by an apparently large genotypic
variation and a tendency to develop ecotypes. For example, Derr
(1963) reported convincing evidence that there exist strains of long
leaf highly resistant to brown spot. Also, there is much variation in
the start of rapid height growth in even-aged seedling stands. This phe
nomenon, which tends to prevent overcrowding and stagnation that
occurs in other southern pines, is genetically controlled (Brown,
1964). Variation in fruitfulness which is very likely under genetic con
trol has also been reported (Croker, 1964; Shoulders, 1967). Foresters
should recognize the wide genotypic variation of longleaf pine as an
important silvical characteristic affecting its dominance in the plant
community. Silvicultural practices—prescribed burning, for exam
ple-can be modified to favor dominance of the site by the apparently
superior seedlings (Croker, 1967).
Slash pine contrasts sharply with longleaf in many of the silvical
characteristics affecting its dominance in the plant community. Seed
supply is not as critical. Cooper (1957) reported good crops at about
three-year intervals. The smaller seeds (15,000 per pound compared to
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4,500 per pound for longleaf) are less vulnerable to predators and can
filter down through the rough to mineral soil more easily.
Slash pine seedlings usually make prompt and vigorous height
growth, sometimes attaining five feet annually on the best sites (Wakeley, 1954; Cooper, 1957). This performance is in sharp contrast with
the grass stage of longleaf. Because of its early height growth and
since it is somewhat more tolerant than longleaf (Baker, 1949),
slash can outgrow many of its deciduous shrub and tree associates.
But slash pine is far more vulnerable to fire than longleaf, especially
in its seedling stage. In areas subject to frequent woods fires, slash is
generally found on areas that are too wet to burn well, while longleaf
dominates the fire-ravaged uplands. Especially after it is five feet high,
though, slash pine is more resistant to fire damage than its other pine
associates, sand and loblolly (Cooper, 1957; McCulley, 1950; Grushow, 1952).
Slash pine seedlings are more vulnerable to logging damage than
longleaf. The pales weevil (Hylobius pales) causes considerable loss
when seedlings are planted on recently logged areas.
While longleaf pine is highly resistant to most environmental haz
ards after it reaches sapling size, this is not true of slash pine. It is
highly vulnerable to both fusiform rust (Cronartium fusiforme) and
Fomes annosus root rot (Cooper, 1957; Powers and Boyce, 1961). Al
though fairly resistant to windthrow, it is not as windfirm as the other
southern pines (Cockrell, 1936) and is particularly susceptible to snow
and ice damage (McKellar, 1942; Muntz, 1948; Wakeley, 1954). Stag
nation in overdense sapling stands occurs more frequently with slash
than with longleaf pine, for slash does not express dominance as mark
edly (McCulley, 1950; Cooper, 1957).
MAJOR SUCCESSIONAL TRENDS

A basic premise in this paper is the important role of man in develop
ing the ideal forest community. A better understanding of his role and
the ecologic processes involved can be had by an examination of the
major successional trends that have occurred since the advent of the
white man.
A logical starting point for this discussion is the original forest.
Precise historical records are not available, but from various sources
we can be reasonably sure of the general situation.
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The region was dominated by a vast area of pure stands of longleaf
pine with understories composed largely of grasses and forbs; many
early writers mention the park-like nature of these forests. The extent
of these stands is variously estimated at between thirty and sixty mil
lion acres (Wahlenberg, 1946). Within this pure longleaf forest there
were pockets and streamers of slash, loblolly, and other pines, as well as
hardwoods. These occurred along pond margins, branch bottoms, and
other locations which escaped the frequent fires that raced through
the longleaf uplands.
Between the pure stands of longleaf and the end of its natural range
(Fig. 11) there was an area of unknown extent where varying percent
ages of longleaf occurred.
The natural range of slash pine was much more restricted, lying
mostly within the longleaf pine range. There was no slash pine west
of the Mississippi River (Fig. 12).
How did this original forest develop? We cannot be sure, but our
knowledge of longleaf and slash pine ecology provides some clues for
an educated guess. The siliceous land forms which emerged from the
receding water in the geologic processes that developed our coastal
plains must have provided a favorable environment for longleaf pine.
The sandy soils favored the growth of inflammable grasses which are
compatible associates of longleaf seedlings. Fires set by lightning strikes
(Chapman, 1950) and later those set by Indians in their hunting were
frequent and widespread in the flashy grass fuels. These fires undoubted
ly favored the development of pure longleaf stands by controlling com
petition and brown spot in the grassy uplands. Pockets of the other
species more susceptible to fire were found where moist ground fuels,
topography, and other factors inhibited the spread of fire.
The white man has triggered some successional processes that have
profoundly changed the original longleaf forest. Pure longleaf stands
are now practically all second growth and occupy less than eighteen
million acres.
Slash and other pine associates that were originally imprisoned by
fire along the stream courses, pond margins, and other protected areas
have invaded thousands of acres. Some of this invasion was caused by
heavy cutting of virgin longleaf on the accessible uplands and much
lighter cutting of the associated pines. Early timbermen considered them
inferior to longleaf and generally they were on sites relatively difficult
to log.
The changing fire pattern was particularly important (Fig. 13).

Figure 11. Natural range of longleaf pine.

F ig

ure

12. Natural range of slash pine.
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F igure 13. Fire or die lack of fire has profoundly altered plant communities in the
longleaf slash pine region.

Clearing of land for agriculture, building of roads, and, especially in
later years, fire control by foresters interrupted the widespread occur
rence of surface fires. Also, in recent years many acres that were denuded
by heavy cutting of virgin longleaf have been planted or seeded to slash,
loblolly, and other pines. Wakeley (1954) estimated that in 1940, 42
per cent of the land needing planting in the South—an estimated 5.5
million acres—was in the longleaf-slash pine region. Much of this land
has been planted or seeded to longleaf pine associates.
W hat are the management implications of this invasion? Not all are
bad. McCulley (1950) stated that the invasion of the flatwoods by slash
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pine has been desirable, since slash is well adapted to the sites and is a
good producer of gum and timber. On the other hand, McCulley (1950),
Wahlenberg (1946, 1960), Wakeley (1954), Chapman (1953), and
others have cautioned against allowing slash, loblolly, and other associ
ates to occupy unsuitable sites. Where the invasion of longleaf sites by
the pine associates took place through natural regeneration, another
management problem was created—greatly overstocked sapling stands.
These stands require expensive precommercial thinnings and have low
values for wildlife, grazing, and recreation. The fire hazard is also in
creased by creating dangerous fuels and by impeding the operation of
fire control equipment.
A second major successional trend has been the invasion of the origi
nal longleaf forests, and later the areas occupied by the pine associates,
by deciduous shrubs and hardwoods (Fig. 14). Overcutting of virgin

84

THOMAS C. CROKER, JR.

longleaf stands, reduction in occurrence of fast-moving grass fires, and
shade tolerance of hardwoods all favored this invasion. Kozlowski
(1949) and Kramer and Decker (1944) have shown that hardwoods
have a higher photosynthetic rate in shade than pines and thus may have
explained the greater tolerance of hardwoods. Hardwoods are easily topkilled by fire but are able to sprout from rootstocks and survive on
sites where fire-vulnerable pine species such as loblolly are killed (Lotti,
1956).
On deep sandy ridges, the associated hardwoods may be much more
drought resistant than longleaf seedlings. For example, Oosting (1956)
described how a vertical arrangement of leaves in turkey oak prevents
excessive transpiration and hence increases drought-hardiness.
It is impossible to estimate accurately the total acreage of pure long
leaf stands which have been invaded by deciduous species. Some degree
of invasion can be seen in practically all second-growth pine stands, but
the change has been greatest on sites of three distinct types. First are the
scrub oak ridges. Here longleaf seed production is low, brown spot is
prevalent, and the tree per cent (number of established seedlings per
100 seed) is reduced by drought and other factors. Scrub oaks have be
come a major component of many stands.
In the Lower Coastal Plain, thousands of acres of pine land have
been invaded by saw-palmetto and gallberry (Ilex sp.) (McCulley,
1950).
The third major area of invasion includes the more fertile and moist
soils in the Middle Coastal Plain and other provinces. A great many
species have become established, but much of the area is occupied by
the ubiquitous gallberry.
Invasion of the pine sites by deciduous species has reduced the abili
ty of the land to produce valuable products—timber, game, grazing, and
recreation. Inflammable, dangerous fuels have added to fire control
problems; cost of logging has been greatly increased; and regeneration
of valuable pine stands has been made much more difficult. Some of the
deciduous species have value for wildlife food and cover, and some may
be useful in soil improvement. With more skillful management to de
velop the ideal forest community, no doubt these values could be se
cured, along with the benefits from the valuable pines, grasses and
forbs.
A third major successional trend has been the conversion of virgin
longleaf pine forest to second-growth longleaf stands. Many of the
second-growth stands that came back were poorly stocked, but on thou
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sands of acres, especially in the Middle Coastal Plain, good stands re
placed the virgin timber. There is evidence that many of these were the
result of an "accidental shelterwood" system (Fig. 15) (Croker, 1956a).
Similar good stands also resulted from hurricane blowdowns that prob
ably released good stands of advance reproduction (Forbes, 1921).
These stands and others like them resulted where the seed supply and
seedbed conditions were favorable for the establishment of well-stocked
seedling stands. Also, events following establishment were favorable to
survival and growth. Such stands had drastic release from pine compe
tition and were adequately protected from brown spot, hogs, killing
fires, and related hazards. Competition from deciduous species was not
critical. The best stands seemed to occur in a kind of middle ground be
tween the deep sandy ridges and the fertile, moist soils near the stream
courses where the longleaf competitors were favored.
Many of the well-stocked second-growth longleaf stands were planted
or seeded. This was particularly true in the western part of the region
where thousands of acres of cutover “stump orchards” occurred. Much
of this land has been converted to fully stocked longleaf stands by
direct-seeding (Derr and Mann, 1959).

F
15. Sapling longleaf stand on right was established under an "accidental shelterwood" cutting system. Older stand on left is well-stocked second growth and was
probably established in a similar manner.
ig u r e
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THE IDEAL FOREST COMMUNITY

With some understanding of the controlling site factors, the silvical
characteristics of longleaf and slash pine, and some of the important
successional trends, let us consider the ideal forest community. It is well
to keep in mind that this community is hypothetical. Let us also assume
that it is at least forty acres in size. There could, of course, be many
variations that would fit the requirements of a particular managementhabitat situation. Figure 16 shows one possible example. Changes in

F
1 6 . An ideal forest community in the longleaf-slash pine region. It is dominated
by pine in the ovcrsiory, and the understory is largely grasses and forbs.
ig u r e
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management objectives and site factors will require changes in commu
nity makeup. Nevertheless, I believe the community I will describe
would satisfy the requirements for many situations in the longleaf-slash
pine region.
The important attributes, as I see them, are: (1) an overstory domi
nated by a strain of longleaf or slash pine well suited to the site and
management situation; (2) an even-aged, pure stand composed mainly
of dominants as widely spaced as is consistent with full site utilization
and quality of the trees; (3) an understory composed largely of those
species of grasses and forbs of most value for wildlife or grazing; (4) a
sprinkling of selected hardwood associates such as dogwood, hickory,
or oak for den trees, wildlife food and cover, or beauty; and (5) small,
wet areas such as “potholes” left to grow hardwoods.
Many of the ecological reasons for these attributes are obvious from
the foregoing discussions. Specific measures required to attain the en
vironment for the ideal forest community will not be listed. Some will
be discussed by other specialists. It is worthwhile, however, to summa
rize some of the things the forester will need to develop his ideal forest
communities: (1) a reliable regeneration system that will guaran
tee prompt and complete dominance of the site by a suitable stand of
pine; (2) stand management methods that will provide the proper
density control of the overstory and composition control of the under
story; (3) expanded knowledge of all site factors, including silvical
characteristics of the major species, to guide silvicultural and manage
ment decisions; and (4) expanded knowledge of the genetic factor in
the longleaf-slash pine forests.
Conversion of existing forest communities into ideal ones in the
longleaf-slash pine region would greatly increase the value of the for
ests to people. Greater volumes of valuable timber would be produced
at reduced costs. At the same time, the wildlife and grazing values would
be enhanced. O ur booming population would find these woods much
more attractive for recreational sites. As foresters, it behooves us to ac
quire and put into practice the ecological knowledge needed to convert
our longleaf-slash pine forests into ideal forest communities.

Discussion
Q u estio n :
M r. C roker:

How tall does palmetto get to be and how detrimen
tal to reproduction is it?
Height of palmetto depends on the species. Histori-
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Mr. Croker:

TH O M AS C. CROKER, JR.

ans state that Fort Moultrie at Charleston, South
Carolina, was built of palmetto logs, indicating a tall
tree. Actually these logs may have been cut from
palm trees instead of palmetto. Most of the palmetto
I’ve seen that is causing the trouble is a relatively small
species, usually less than eight feet high. It’s very det
rimental to slash pine reproduction. I know it is one
of the major problems in the lower Coastal Plains,
particularly in connection with reproduction.
Please define "potholes” in longleaf forests.
A "pothole" is a small area about a quarter of a chain
to a chain in diameter, which is absolutely too hydric,
to use an ecological term, for the growth of pine.
Such areas are scattered throughout the forests in the
Coastal Plain.
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SILVICS AND ECOLOGY
OF LOBLOLLY-SHORTLEAF
PINE-HARDWOOD FORESTS
K A R L F. W ENGER
U.S. Forest Service
Washington, D.C.

The species of primary interest in loblolly-shortleaf pine-hardwood
forests is loblolly pine. I believe we all understand this terminology,
“loblolly-shortleaf pine-hardwood forests/’ to mean forests which are
characterized by the predominance of loblolly pine either currently or
potentially, with shortleaf pine often occurring more or less abundant
ly in mixture with loblolly and hardwoods, depending on local condi
tions. However, shortleaf pine is not a determining factor in the suecessional trends in these forests but occurs in the same successional
stage as loblolly: that is, wherever shortleaf pine can grow within the
loblolly range, loblolly pine can also grow. So this discussion will be
centered on loblolly pine.
The more tolerant hardwoods readily become established in the un
derstory of loblolly pine stands, and on uplands throughout the range
of loblolly pine, the progress of plant succession is toward a hardwood
climax (Ashe, 1915; Oosting, 1942; Wells, 1928).
The course of undisturbed secondary succession can be seen most
clearly when fields are turned out of cultivation. Abandoned fields are
immediately invaded by herbaceous plants that shortly give way to
grasses, mainly Andropogon sp. (Oosting, 1942). Pine may become es
tablished anytime during the first few years after abandonment while
seedbed conditions are still good and when the seed supply is adequate
and the weather favorable (McQuilkin, 1940).
Light-seeded and intolerant hardwoods follow pine very closely but
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tend to come in a little later. Sweetgum is a good example since it is
one of the most abundant associates of loblolly pine. It requires a more
plentiful and more stable moisture supply for germination and is less
drought resistant than loblolly pine in the first year. Consequently, it
succeeds better under a light cover, where evaporation from the soil
surface and transpiration are somewhat retarded. Also, seed supplies
of hardwoods tend to be smaller because the individual species are of
ten not as abundant as pine in the surrounding area (Bormann, 1953).
Other species that come in at about this time are red maple, yellowpoplar, often black tupelo, and shrubs such as wax myrtle and others.
Oaks and hickories appear as seedlings usually when the pine stand
is twenty to thirty years old, although they frequently appear earlier.
Their number and size increase in the understory throughout the life
of the pine stand. A few pine seedlings are regularly established but die
without having any effect on the succession (Barrett and Downs, 1943).
As the pines grow larger and the number of stems decreases, a time
is reached when openings left by mortality can no longer be closed by
crown expansion of neighboring trees. By this time, the hardwood tree
species in the understory have attained appreciable size and grow into
these openings. This process begins at seventy-five to one hundred years
and continues until the pine is entirely eliminated between two hun
dred and three hundred years of age.
The rate of succession toward the hardwood climax apparently is
faster on better sites. In North Carolina, investigation showed that a
34-year-old pine stand on bottomland was at the same stage of succes
sion as a 75-year-old stand on upland (Oosting, 1942). The usual im
pression of denser and faster growing hardwood understories on better
sites has been corroborated by several studies (Brender and Davis,
1959; Coile, 1950; Ferrell, 1953). In Georgia old records indicated that
pine was more abundant on light sandy soils than on heavier soils in
the Piedmont at the time of early settlement, suggesting that the trend
toward the hardwood climax is quite slow on such soils (Nelson, 1957).
The progress toward the oak-hickory climax is a direct consequence
of the difference between pine and hardwoods in their requirements for
germination, survival, and growth. The undisturbed forest floor is a
very poor seedbed for pine, but the heavy-seeded hardwoods germinate
quite readily in leaf litter (Barrett, 1931; Korstian, 1927).
Light is a major factor in the successional trend. The photosynthetic
rate of loblolly pine increases in direct relation to light intensity and
reaches its maximum rate only under full sunlight, but hardwoods
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reach their maximum rate at one-third or less of full sunlight (Kozlowski, 1949; Kramer and Decker, 1944). The light intensity under wellstocked stands is usually less than one-third of full sunlight and may be
as low as 5 per cent (Oosting, 1956).
Soil moisture levels also influence photosynthetic rate to some de
gree. With decreasing soil moisture the photosynthetic rate of pine de
clines more rapidly than that of the associated hardwoods (Bormann,
1953; Kozlowski, 1949). The hardwoods have larger root systems than
the pine in length, weight, and in relation to tops, and these differences
are increased under low light intensity (Coile, 1940; Kozlowski and
Scholtes, 1948; Tourney, 1926). Thus, hardwood seedlings are much
better adapted than pine seedlings to the light and soil moisture condi
tions under the dominant pine stand. The superiority in understory
conditions of white oak to loblolly pine was demonstrated quite clearly
by a study in North Carolina (Kramer, Oosting, and Korstian, 1952).
The survival of planted loblolly pine seedlings was as good at the stand
margin as in the open, but was very poor inside the stand. White oak
seedlings, in contrast, survived best within the stand, somewhat poorer
at the stand margin, and very poorly in the open.
This picture of the undisturbed succession provides the basis for us
to understand the effects of cutting, fire, and other disturbances and
may also help us to recognize potential loblolly pine sites.
In terms of pine and hardwood, the composition of the stand that
develops after cutting depends on how much of the dominant pine
stand remains, how much of the hardwood understory is destroyed and
mineral soil exposed, and on how much pine seed reaches a favorable
seedbed in the first year or two after cutting. In skid trails and loading
areas, the understory, including roots, is usually completely destroyed.
Mineral soil is exposed, no sprouting occurs, and pine readily becomes
established if seed is available. Where less activity occurred, the under
story is removed but the roots remain alive, so sprouting may offer some
competition to pine seedlings. Undisturbed spots of hardwood understory are very unfavorable for pine and few seedlings become establish
ed.
Such conditions occur in parcels of all sizes completely intermingled
in the cutover area. Logging methods have a pronounced effect on the
amount of favorable seedbed and hardwood competition left in the
area. Logging a full stand with crawler tractors creates favorable seed
bed conditions on about 50 per cent of the area. Other logging equip
ment, such as rubber-tired tractors, are likely somewhat less effective in
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this respect. Thus, the stand that develops after cutting may be pure
pine, pure hardwood, or a mixture, depending on seedbed conditions,
hardwood competition, and seed supply (Trousdell and Wenger, 1963).
The effect of fire on the succession depends on the age of the pine
stand and on the frequency, intensity, and season of burning. Loblolly
pine stands become fairly resistant to surface fires at about ten years of
age (Chapman, 1948).
Crown fires occur during periods of extreme burning conditions and
understory vegetation is also killed to the ground. Since a burned soil
surface is an excellent seedbed for loblolly pine, the proportion of pine
in the stand that develops after a crown fire probably depends mainly
on the supply of pine seed available in the first year or two after the
fire (Oosting, 1944).
Repeated wildfires at intervals of less than ten years ultimately elimi
nate pine (Chapman, 1948; Wells, 1928). The process becomes com
paratively rapid if this fire frequency continues after the dominant
pine stand is cut or destroyed (Garren, 1943).
Surface fires during the dormant season have little effect on the suc
cession toward hardwoods. The overstory is usually unharmed and the
understory hardwoods sprout promptly. Soon all is as it was before the
fire, except that small hardwood stems are probably more numerous
(Barrett and Downs, 1943; Little and Moore, 1949; Oosting, 1944).
Fires during the growing season may be very destructive because ini
tial vegetation temperatures are higher, growing tissues are more ex
posed to heat, and sprouting is less vigorous than in the dormant sea
son. Depending on how much of the overstory is killed, conditions after
a summer fire range from those after a crown fire to a reduction only of
the smaller understory hardwoods.
Fires within the first year after logging differ in their effects depend
ing on time of year they occur in relation to pine seedfall. During the
dormant season they destroy not only advance reproduction but also
whatever pine seed is present. Hardwoods are highly favored because
a whole growing season must pass before another crop of pine seed
is produced. Meanwhile, hardwood sprouts and herbaceous vegetation
produce a new mantle of litter that retards pine germination. On the
other hand, fires before seedfall may favor pine establishment if they
do not occur too early in the growing season. Hardwood stems killed
after early August sprout very little until the following spring (Wen
ger, 1953). Consequently, fires in late summer before seedfall not only
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increase favorable seedbed conditions by consuming slash and undis
turbed litter, but also give pine seedlings an even start with hardwood
sprouts and seedlings in the following spring (Chapman, 1942). The
earlier that fires occur in the summer, the more nearly the sprout and
seedbed conditions approach those following dormant season fires af
ter logging.
Ecological relations perhaps have little usefulness in intensively
managed, short-rotation, single-product forests on high quality sites,
where silvicultural practices may approach the agronomic level of in
tensity in the not-too-distant future. But much of the one hundred mil
lion acres or so in the loblolly pine and associated types will not be so
managed for any one of several reasons, but will be treated in more
extensive fashion for a variety of products and uses. In extensive man
agement, knowledge of successional trends provides the basis for diag
nosis of forest condition and prescription of cultural treatments to
achieve management objectives.
In these forests management can very well have several objectives to
be achieved simultaneously. Loblolly pine has a very wide ecological
amplitude. It grows well on a wide range of sites, has a great array of
hardwood trees and shrubs associated with it in the succession, and is
very responsive to cultural measures. Thus, loblolly pine forests can
be manipulated quite readily to combine other uses with timber pro
duction. For example, it has already been shown that understories of
loblolly pine stands contain ample deer browse, especially if periodical
ly refreshed with fire (Lay, 1967). Understories contain an array of
shrub species and if the fire interval is long enough to allow these to
fruit, a greater variety of game food may become available. Where pinehardwood mixtures are desired, choice of logging method, manipula
tion of pine seed source, and timing of fire afford tools for gross con
trol of the proportion of pine and hardwoods.
While knowledge of successional trends provides the basis for effi
cient control of species composition, the ecological approach has still
more to offer. In recent years, ecological thought has developed the
ecosystem concept, which recognizes that a plant community is “an in
terlocking complex of processes characterized by many reciprocal causeeffect pathways,” so that a change in one process of the system affects
all other processes (Watt, 1967). The ecosystem concept also assumes
that a given environment of soil and climate has a maximum potential
productivity when all inputs and outputs are accounted for. Thus, an
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increase in production of one component must result in a decrease in
others in the system.
The objective of management is to capture as much of this potential
productivity in desired products as is justified on economic or other
acceptable bases. In multiple-use forests, the products derived from the
growth potential of the environment are mainly timber and game. The
problem is to set goals for these products that are attainable, that is,
goals that do not, in the aggregate, exceed the productive potential
of the forest. If game production goals are set too high, timber produc
tion could be sustained only if game were essentially excluded. To de
termine whether the chosen goals are within attainable limits, they
need to be expressed in the same units of measurements. Or, in more
general terms, productivity must be measured by a unit that is equally
applicable to plants and to animals.
The ecologists’ work toward implementing the ecosystem concept
will contribute substantially to solving this problem. A promising ap
proach is the measurement of primary productivity in terms of total
vegetational biomass, of which more or less supports animal life while
the remainder is available for other products. Foresters’ measurements
of timber and browse production are partial biomass measurements.
Another approach is the determination of the total energy budget, but
the translation of energy values into terms useful to the forest manager,
that is, into trees, shrubs, deer, squirrels, and other forest components,
would be considerably more complicated than use of biomass data.
An effort is currently being initiated, under the sponsorship of the
International Biological Program, to make a concerted attack on the
problem of determining the productivity of ecosystems. This program
was conceived and initiated by ecologists in the academic community,
but forest scientists are already involved and very likely will become
quite active in the program as the research is planned and undertaken.
So it seems that foresters can look forward to substantial help from
ecology research on some major problems.
Discussion
Question:
Dr. Wenger:

In the Bigwoods on poorly drained sites where fire re
duced hardwoods, was the soil a peat or muck?
It was neither. The poorly drained soils were Bladen
or Coxville silt loams, with a little Bayboro silt loam
in a few small patches.

LOBLOLLY-SHORTLEAF PINE-HARDWOOD FORESTS

Question:
Dr. Wenger:
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In your view, what is the place of shortleaf pine in
this type: that is, is it worth working with, either eco
logically or economically?
Shortleaf pine enters depending on rather localized
or microsite conditions. Shortleaf is close to loblolly
in its requirements and occupies the same place in
the succession. It grows somewhat more slowly—one
of Coile’s studies showed it to be 13 per cent lower in
site index on the same soils. I believe it should be
treated the same way as loblolly where it occurs in
the loblolly stands.
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ECOLOGY OF FOUR HARDWOOD SPECIES

J.

S. M c K N IG H T
Southern Forest Experiment Station
Stoneville, M ississippi

Eastern cottonwood, American sycamore, sweetgum, and cherrybark
oak have been chosen for discussion because of their importance both
in the ecology of southern lowlands and in plans for intensified silvi
culture in the region. The four are key species in seven southern for
est types: Cottonwood (Type 63), River Birch-Sycamore (Type 61),
Sycamore-Pecan-American Elm (Type 94), Sweetgum-Yellow-poplar
(Type 85), Sweetgum-Nuttall Oak-Willow Oak (Type 92), and Swamp
Chestnut-Cherrybark Oak (Type 91).* None of the types are consid
ered climax, but Type 91 is subclimax.
The alluvial soils, to which this discussion will be confined, are of
particular ecological interest because they begin as a raw medium. Soil
particles from upstream are deposited during floods to an elevation
where a biotic community can begin.
COTTONWOOD

The pioneer community along a number of major rivers is dominated
by its biggest plant, eastern cottonwood. The new land on which it
starts is not lifeless, but it is about as clean as water can make it.
The alluvium is loaded with most of the important mineral nutrients
washed from rich topsoils of the Prairie and Piedmont, and its reaction
is neutral to alkaline on major rivers. Alluvium along small streams,
especially in the Coastal Plain, is usually leached and tends to be less
•Type numbers are those described by the Society of American Foresters in Forest
Cover Types of North America, Exclusive of Mexico. Soc. Amer. Foresters: Washington,
D.C., 1954.67 pp.
99

100

j. s. M c k n ig h t

fertile and more acidic. Sediments along rivers often build up rapidly
without any interim vegetation, particularly on river bars. Sometimes
black willow and sandbar willow are the first major vegetation at low
water levels; they help elevate the land by trapping new sediments.
Along the Mississippi River the willows start at about five feet above
mean low water and need only a few green leaves above water or new
sediments during growing seasons to survive. Often these plants are
completely covered with new sediments, which raise the level of the
ground to between fifteen and fifty feet above mean low water.
The highest sites on which cottonwood grows on bottomlands are
often composed of sand. These big, high areas of sand are carried by
fast-moving waters of deep floods; only the coarsest sediments precipi
tate before the waters recede. Most elevated new sites are formed of
silty, sandy, or clay loam.
Cottonwood flowers in catkins from late February to the end of April
in the South, and the seeds ripen from the first of May to late July.
The minute ripe seed with its fine, cottony wings floats in water or on
air over great distances. In water the seed remains viable for weeks;
in air it loses viability in a few days.
Rivers and streams in the South commonly overflow in the late
spring, laying down new sediments and muddying the soils. Wet, open
soil is ideal for germination of cottonwood, which forms pure communi
ties of millions of seedlings to the acre. The seedlings are delicate dur
ing the first few weeks and are subject to mortality from drought, flood
ing, and disease. Thereafter, they grow rapidly. The combination of
prolonged spring seeding and very wet ground conditions, at least some
of the time, is one of the main reasons for cottonwood’s taking over
new sites. Willows also seed regularly in the spring, and sycamore often
continues to seed until April. Thus, pioneer communites of cottonwood
may contain sycamore as well as willow.
Cottonwood starts growth readily on sand, but bermuda grass [Cynodon dactylon (L.) Pers.], sandbur (Cenchrus sp.), and roughleaf
dogwood may gradually take over. In some cases, a prolonged drought
may cause a stand of cottonwood to disappear. A few individuals may
persist, but their gnarled forms are best suited to bird nests and eagle
perches. In sand, the early root growth of cottonwood is like that of a
carrot. When the seed germinates, the root elongates straight down un
til it reaches even a thin layer of silt or clay, where lateral roots form.
When available moisture is used up in this layer, the free water in
the sand below has often disappeared and the plant dies. Cottonwood
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develops best in deep silty, sandy, or clay loam soils that are well aer
ated, but moist. Moisture generally is most critical from May through
July. In wet years, the tree may grow to twelve feet or more in height
during the first growing season.
Practically no other species encroach during the early years, partly
because of high stand density but often because of recurring sedimen
tation. Soil deposition often continues as cottonwood grows. It is not
unusual to find as much as twenty feet of the lower portions of live tree
trunks buried. Only cottonwood and willow will survive this deep sedi
mentation, actually benefiting where aeration is good, through elonga
tion of the rooting surface.
Openings in the thickets soon develop. When young and easily
nipped, cottonwood is a favorite browse for deer. Bucks rub and thrash
the switches when their antlers are in the velvet. In places where wa
ter pools, regeneration is prevented until all tree seed are gone from
the air. Beaver sometimes deplete a thick stand of young cottonwood
either for building materials or food. Later, competition from neigh
boring cottonwood reduces the tree population. In mixtures, willow
goes first. Little other vegetation develops until the young stand thins
or until openings are created.
Trumpet vine [Campsis radicans (L.) Seem.] and grape vines (Vitis
sp.) appear in young stands. Cocklebur (Xanthium pungens Wallr.),
grasses, and other pioneer herbs come into the openings within the
thicket. Numerous insects varying from ants to leafhoppers frequent
the developing ecosystem (Shelford, 1954).
Natural thinning takes place because of the intolerance of this spe
cies to shade and the great range in growth rate within the species. De
spite some new sedimentation, other plants soon join the cottonwood
as stands develop and begin thinning themselves. Birds often excrete
undigested seeds; they bring in small seeds on their feet; nettles blow
in; and large seeds are carried in by both gray and fox squirrels. Grackles and blackbirds often roost and drop seeds from their mouths. Thus,
the understory vegetation gradually increases. It is composed of poison
ivy (Rhus radicans L.), grape, Virginia creeper [Parthenocissus quinquefolia (L.) Planch.], pepper or buck vine [Ampelopsis arborea
(L.) Koehne], dewberry (Rubus sp.), stinging nettle [Laportea can
adensis (L.) Wedd.], and greenbrier (Smilax rotundifolia L.), along
with tree immigrants.
The strongly tolerant boxelder, red maple, sugarberry, mulberry,
and American elm become established and often fill the understory,
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particularly as cottonwood matures. Green ash, sycamore, sweetgum,
and pecan also find their way into the community.
As succession proceeds, soil changes take place. Tremendous amounts
of dead wood fall. Dead cottonwood limbs rot quickly if they are in
contact with the ground, but dead trees take seven to ten years to de
teriorate (Toole, 1965). Stump holes develop deep into the ground,
especially where sedimentation has continued after the trees were es
tablished. Organic matter, stump holes, rootwads from wind-toppled
trees, and the microfauna attracted into this new community by the
developing food add to the desirability of the site for growth of the
newcomers. Meanwhile, ground litter, shade, and physical forces of de
veloping animal and vine populations make the site unfavorable for
cottonwood regeneration.
The maturing cottonwood becomes a favorite target of insects and
diseases, particularly in drought periods or on droughty sites. The cot
tonwood twig borer (Gypsonoma haimbachiana Kearfott) causes seri
ous trunk malformation, forking, and stunting. Several stem borers
damage the wood and weaken the boles (Morris, 1963). Two major
fungi, Fusarium solani (Mart.) Appel and Wr. and Cytospora sp. (Fi
ler, 1967; Toole, 1963b), cause stem cankers, and Melampsora rust of
leaves causes early defoliation.
Without drastic reduction of the overstory and understory and ma
jor upheaval of the soil surface, cottonwood gradually disappears from
the stand. No simple silvicultural system has been found to regenerate
cottonwood naturally. One possibility is trenching six to eight inches
deep on sites where natural seedfall is adequate (Johnson, 1965). Good
catches have been obtained under partial shade in the muddy trenches
under test conditions. Of course, ditches simulate the bare land where
cottonwood establishes itself naturally.
A review of the ecology of cottonwood points up the difficulties that
have been experienced. Drought during or shortly after seedfall often
halts germination or eliminates young seedlings (Farmer and Bonner,
1967). Deer use the trenches as paths, heavily browsing the young cot
tonwood when it becomes established. As the new overstory develops,
the population of vines and large annual plants also increases drasti
cally. When full sunlight is admitted to the area, the well-established
competition often overtops the young trees and shuts out the light be
fore cottonwood can develop.
Experience indicates about a 50-50 chance' of success with trench
ing. These are not good odds when one considers the expense of the
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treatment. If the system does not work the first year, the area trenched
is usually in poor condition for planting.
The ecology of the type indicates the need to keep a tight overstory
and encourage heavy understory browsing while the cottonwood ma
tures. Of course, some artificial means to keep the understory from
developing could be used to great advantage, if browsing is not ade
quate. Whatever the condition of the understory, complete clearing,
planting, and intensive early cultivating seem essential if prompt and
satisfactory cottonwood regeneration is to follow the pioneer type.
Normal ecological succession is to the more tolerant Sycamore-PecanAmerican Elm Type, often called the “riverfront type” (Putnam et al.,
1960).

SYCAMORE

Sycamore is prominent in the new type of forest. Flowers of this species
appear in early spring and seed ripens in mid-autumn. The fruit re
mains on the trees until late winter or spring, when the seedball disin
tegrates and the hairy seeds are carried great distances by the wind.
Water and birds also disseminate the seeds. Viability drops soon after
warm weather in the spring, if the seeds do not reach a germinating
medium. Reproduction is totally absent when litter is more than two
inches deep. There is an abundance of seeds almost every year; the
seedball gradually breaks up from October through March or early
April in the South. Seed remains viable over winter and germinates
best on bare wet soil. Seedlings grow best in full sunlight, where root
systems penetrate deep into the soil and branch frequently (Biswell,
1935).

However, seedlings of sycamore often become established under ag
ing cottonwood, particularly on freshly deposited alluvium. They ap
pear to develop better root systems in loess than in clay soil. Sycamore
does not appear on sites where the surface drainage immediately around
the tree is poor during the growing season.
When sycamore develops in roadways, old fields, or old log dumps, it
often must grow in competition with Johnson grass [Sorghum halepense (L.) Pers.] and ragweed (Ambrosia artemisifolia L.). Some
times Johnson grass and ragweed seem to completely usurp a site, but
sycamore with an even start will persist. Vines become more common
and with their weight may pull young trees over. The straight, usually
thick stem of sycamore helps the species to grow through this comped-
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tion. Free of competitors, sycamore grows vigorously as a seedling, at*
taining eight feet from seed in the first year.
Almost all of the plants found in the cottonwood community are
also associates of sycamore. Pawpaw (Asimina triloba L.), giant cane
[Arundinaria gigantea (Walt.) Chapm.], and poke (Phytolacca americana L.) are common invaders of the type. More tree species are seen
as the type develops, particularly water oak, Nuttall oak, willow oak,
and, on small rivers, river birch. Increasing numbers of sweetgum and
an occasional cherrybark oak are found. The surface of the ground
and the contours of the land are becoming stable; there is little new
sedimentation. The soil is weathered to a neutral or acid reaction.
Sycamore is a fast-growing tree throughout its life if given full sun
light after it is established. Its growth rate does not match cottonwood’s,
but in mixtures it is longer lived and eventually replaces cottonwood.
Local experience indicates that sycamore is one of the least likely of
all deciduous trees to be browsed by white-tailed deer. Thickets of cot
tonwood, willow, and sycamore have been observed where an excessive
deer population has stripped the cottonwood and willow, leaving the
sycamore to take over. However, several diseases reduce growth or deci
mate the population of sycamore. Sycamore canker (Botryodiplodia
theobromae Pat.) runs up and down the stems in narrow strips. It
usually does not prove fatal unless drought lowers the vigor of the tree.
Anthracnose, sometimes followed by dieback, reduces growth and vigor
(Thompson, 1951). Abundant rain and cool weather seem to favor
development of anthracnose (Boewe et ah, 1954).
Weather damage and onslaughts of insects and diseases are often
confused on this species. For example, late spring frosts may kill syca
more buds over a wide area. The damaged trees characteristically have
long dead twigs with bushy masses of leaves around their bases by mid
summer (Merz, 1965). Since the bark is thin, low winter temperatures
may injure the cork cambium and cause the outer bark to be sloughed
off. This does not affect the health of the tree.
Sycamore is moderately windfirm and develops a wide-spreading
crown in the open. In forest-grown conditions, it usually retains a small
er but efficient crown. Because of its rapid growth and longevity, some
sycamore appears in most hardwood successions, although it is most
common in the transitional types. It maintains itself in the subclimax
only when the moisture supply is excellent. As a maturing tree, it often
develops ring shake. Columbian timber beetles (Corthylus columbianus Hopk.) attack it, particularly on sandy sites.
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As is indicated by sycamore’s ecology, its requirements for seeding
are similar to those of cottonwood. Bare, wet, sandy or silty soils are
needed. Some shade can be tolerated during germination of seeds and
early growth of seedlings, but the species must quickly overtop directly
competing weeds and grass, as well as vines. Direct-seeding may be
feasible where soil and moisture conditions are particularly favorable.
The natural tendencies of the species suggest that is is a good species
to plant. Without competition it grows rapidly, and, even with heavy
weed growth, it persists and establishes stands. Outstanding among its
characteristics for planting in areas managed for both game and wood
production is its resistance to browsing by deer. It is a good sprouter
from both stump and main stem, making it highly adaptable to nur
sery techniques of root and top pruning.
The species does not grow naturally on wet clay sites, but artificial
drainage may open such sites to sycamore. Its presence in a wide variety
of forest types suggests possibilities of extending it to a variety of sites
on which it normally is not abundant.
One of the chief associates in the Sycamore-Pecan-American Elm
Type is sweetgum, which usually increases as the transitional river
front type breaks up.
SWEETGUM

It must be kept in mind that sweetgum is an important species in four
forest cover types of the United States and is listed as an associate in
twenty-four others. It may die back often in partial shade, but it is
one of the strongest sprouters among native species. This habit, added
to the regular seeding, helps the species to spread widely.
Sweetgum flowers profusely in the spring. Occasionally some flowers
are damaged by late frost. The seeds mature in the fall, and the fruit
turns tan as the seed fall early in the winter. Seeds rarely are blown
more than one hundred yards from a tree. Prolific seed crops occur an
nually. Trees as young as four years produce seed under ideal condi
tions, but heavy production does not occur until at about twenty years
of age. Trees in fertile soils produce bigger seeds, but germinability and
quantity are about equal on all soils.
Sweetgum is somewhat like sycamore in that it becomes prominent as
openings develop in stands and as sites stabilize. Unlike sycamore, how
ever, sweetgum seems to infiltrate the majority of forest communities
throughout the South, even on relatively dry sites. It starts with a seed
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ling here and there within a community. It often invades old fields or
openings in large numbers. Seeds are probably carried on the feet of
birds that flock to fields to feed. Seedlings develop a deep taproot in
medium- and coarse-textured soils. Numerous horizontal rootlets during
the first growing season expand to form the entire root system where
summer water tables are near the surface.
Exposed mineral soil and about 50 per cent shade produce superior
first-year growth compared to that of seedlings in full sunlight. The
light shade of cottonwood provides a good medium for sweetgum to
grow in its first year. Interestingly, light does not appear to influence
germination of stratified sweetgum seed, even at temperatures as low as
60° F (Bonner, 1967).
Seedling growth is generally slow. It is best on alluvial mediumtextured soils that are moist but have good internal drainage and on
coarse-textured soils that are inherently moist (Broadfoot and Krinard,
1959). Young sweetgum is often toppled and swamped by vines. Its
weak young main stem and branchy condition make it susceptible to
lush vines common on fine soils of the river bottoms. After the tree is
deformed, the vines often die back and the gum sprouts, either from the
base or along the main stem if it has not been killed to the ground.
Many of the sweetgum in mixed communities have developed from
sprouts following removal of impeding overstories by man or nature.
As a tree, this species withstands more side competition than syca
more. It often grows in extremely dense stands when young and stag
nates at about two hundred square feet of basal area (Winters and
Osborne, 1935). Stagnation may last years before natural thinning.
Many such forests are of sprout origin.
Occasionally, long-lasting droughts in areas where root systems are
shallow cause dieback, or “blight,” which can drastically thin stands.
A causative organism was long suspected, but supplemental watering
of blighted stands caused affected trees to recover. In the Mississippi
Valley, blighted stands are nearly always associated with poorly drained
slackwater soils which are very dry during prolonged droughts (Toole
and Broadfoot, 1959). The trees that recover always send up one to
many side shoots.
Bumps and ridges on the main stem of sweetgum are often seen in
bottomland forests within one hundred miles of the Gulf Coast. Some
damaging influence such as debris in floodwaters was blamed until it
was found that a disease called sweetgum lesion (Botryosphaeria ribis
Grossenb. and Duggar) causes the protuberance (Toole, 1963a). The
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forest tent caterpillar (Malacosoma disstria Hbn.) is the principal in
sect attacking sweetgum. Along with other defoliators, it is distributed
throughout southern forests in numbers which normally cause no no
ticeable damage. However, in the river bottomlands of the Deep South
the insect is common, and its larvae strip leaves and flowers in the spring
just as new growth begins. By mid-May the infested trees are as bare
as in winter. Later, new leaves appear, but they are smaller and paler
than normal foliage and serve mainly to keep the tree alive. No seed
develops after defoliation. Much of the damage to sweetgum occurs
around tupelo ponds in which it is suspected that natural enemies of
the tent caterpillar cannot overwinter (Morris and Orr, 1963).
Sweetgum produces copious epicormic branches. Quick release of
trees on a droughty site causes feathering of the stems. Top breakage,
sudden full exposure to light, and raising the water table all seem to
cause some epicormic branching.
Palmetto [Sa&al minor (Jacq.) Pers.] is very common in old sweet
gum communities, and supple-jack [Berchemia scandens (Hill) K.
Koch] becomes a tough competitor, along with other vines common to
previously discussed types. Hawthorns (Crataegus sp.) and giant cane
often form solid understories. The cane is rarely browsed by deer, but
thickets are used heavily as bedding grounds and places to hide from
hunters and dogs. Such use tramples the cane and often opens the un
derstory for reinvasion of tolerant tree species, such as boxelder, sugarberry, elms, and ashes.
Sweetgum often succeeds itself after clearcutting by sprouting and
seeding in bare moist spots. The new stand is likely to be dense, and it
usually grows rapidly to pole size. Oaks and other species that have
been in the understory are likely to increase in numbers in the new
overstory.
Sprouts from disturbed roots as well as stump coppicing make clearcutting a practical silvicultural system for sweetgum. The sprouts from
the already established root systems are tolerant of fluctuations in soil
moisture.
Although the species occurs on a wide variety of sites, it should be
discouraged on some because of slow development compared to that of
other species. For example, sweetgum is not a good choice for very dry
sites.
The species is one of those being considered for planting and inten
sive care. Our ecological reasoning points out three problems: slow
early growth of seedlings; feeding of rabbits, beaver, and other rodents;
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and heavy damage to the relatively weak young stems by vines. Once
established, the tree does well, but mixed with fast-growing oaks it often
maintains only a codominant or intermediate position.
CHERRYBARK OAK

Cherrybark oak is a particularly strong competitor. It is accompanied
by swamp chestnut oak in the Swamp Chestnut Oak-Cherrybark Oak
Type.
Like those of all red oaks, cherrybark oak acorns mature in autumn
of the second year after flowering. They may remain dormant for a
number of years or germinate the first spring after they fall. In one
seeding experiment, many acorns which had been buried for two years
germinated. Unlike Nuttall acorns, those of cherrybark oak have far
less viability following prolonged submersion in water (Briscoe, 1961).
Seeding of cherrybark is erratic compared with that of other red oaks,
particularly water oak. Cherrybark acorn production appears to be best
in lower latitudes of the South—below 32°30'. A possible reason is
that late-occurring frosts are infrequent. Thus, flowers which appear
with the early-flushing leaves may not be damaged.
Germination and early seedling development is best when acorns are
in mineral soil. Generally, at this stage in forest succession, such a seed
bed is not present. Squirrels and other animals help, however. Squirrels
bury acorns when they are plentiful. In addition, they store them in old
stump holes or crevices, which sometimes silt over. Some acorns fall or
are dropped by birds on bare spots that may later be covered with silt
during heavy rains.
The species’ seedbed requirements are an obvious reason for the
slow spread of oaks. Another reason may be the desirability of acorns
as food by a wide variety of birds and animals. Red oak acorns are part
of the diet of gray and fox squirrels, grackles, blackbirds, some ducks,
blue jays, woodpeckers, white-breasted nuthatches, and white-tailed
deer. Where it still is unmanaged, the wandering domestic hog devours
tremendous quantities of acorns and even feeds on the young seedling
roots. In tests, fox squirrels have shown a preference for the cherry
bark acorn. In addition, its small size makes it more desirable for birds
than Nuttall and swamp chestnut oak acorns.
Typically, the seedlings are slow starters; about twenty inches in
three years are about all that can be expected. The slow initial rate of
top growth may be due to rapid root development. When excess growth
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materials have been accumulated, cherrybark begins to grow rapidly.
Oaks tend to elongate in spurts of height growth, but rarely do they
have weak or limber new growth.
Cherrybark oak seedlings and saplings may cling to life in the filtered
sunlight of the understory. If released, a lateral branch six to ten inches
above ground often takes over and the rest of the top dies back. In
the South, dieback and resprouting of cherrybark seedlings is uncom
mon in understories. The species is very persistent if it gains even a
small root system.
Ordinarily, cherrybark oak occurs on the better-drained soils of al
luvial bottomlands. On the first bottoms it is often mixed with sweetgum, water oak, and willow oak (Broadfoot, 1961). On terrace soils,
it is a common species in the Swamp Chestnut Oak-Cherrybark Oak
Type and the climax Oak-Hickory Type.
The species usually becomes prominent in the forest community very
gradually. Only occasionally does it suddenly become dominant in for
est communities, such as those near Vicksburg and Natchez. There,
second-growth stands have developed on heavily eroded loess, starting
about the time of the Civil War. The best sites for this species are
medium-textured moist soils with good internal drainage. However, it
grows on both fine- and coarse-textured soils. An acid reaction is com
mon on soils sustaining cherrybark oak.
Cherrybark, in many instances, seems to decline in communities
where it formerly may have been abundant. The decline may be due
to the complete use of the understory by more tolerant species, such as
ironwood and blue beech. On the other hand, a theory is advanced
that growth retardation under and near large cherrybark oak trees may
be caused by a specific toxic agent from the cherrybark. Such toxicity
may be destructive only if associated with certain edaphic conditions
(Hook and Stubbs, 1967).
On the best sites and with good moisture'conditions, cherrybark oak
is relatively free of insects and diseases. On poorly drained clay flats,
cherrybark often becomes infested with borers or the wood is streaked
with minerals. Two important borers are the carpenterworm (Hay and
Morris, 1961) and the clearwing borer (Solomon and Morris, 1966).
In addition, the large borers that attack southern red oak sometimes
feed in cherrybark oak (Hay and Morris, 1961).
Rot fungi attack cherrybark oak when it is wounded. Hydnum erinaceous Fr., Polyporus hispidus (Bull.) Fr., P. sulphureus (Bull.) Fr.,
and Daedalea quercina (L.) Fr. are common rots in red oaks (Hepting,
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1941). Leaf blister caused by Taphrina caerulescens (D. and M.) Tul.
sometimes given an ugly appearance to the leaves, but rarely does any
damage.
In the major river bottoms, cherrybark is closely associated with
swamp chestnut oak, water oak, willow oak, Delta post oak, white oak,
blackgum, Shumard oak, white ash, and hickories (Carya sp.). Occa
sional companions include sweetgum, elms, persimmon, loblolly pine,
and spruce pine.
On high terrace sites and in loess soils, common associates are Ameri
can beech, yellow-poplar, blackgum, sweetgum, white oak, southern
red oak, Shumard oak, water oak, black oak, and sassafras. In latitudes
below 32°25' associates include magnolia and cucumbertree, Florida
maple, red maple, basswood, and persimmon.
Common understory plants are the giant cane, mulberry, Carolina
moonseed [Cocculus carolinus (L.) DC.], pawpaw, hydrangeas, south
east decumaria (Decumaria barbara L.), witch-hazel (Hamamelis virginiana L.), red and green hawthorn (Craetaegus sp.), blackberry
(Rubus sp.), redbud, hercules club (Xanthoxylum clava-herculis L.),
buckvine, Virginia creeper, and grapevines. Flowering dogwood and
snowbell (Styrax gran difolia Ait.) are common on high terraces and
loess sites, and the roughleaf dogwood is prominent on first bottoms.
Holly is found occassionally in major bottoms and loess but is much
more common on terraces.
Cherrybark oak appears in subclimax and even in climax types; it is
not easily perpetuated on many sites under forest management. The
persistence of the seedlings is an aid. If intermixed with understory
shrub species of fast initial growth, release may be necessary to get
cherrybark past the seedling stage. However, plants such as blackberry
do little to impede the development of cherrybark oak.
The main problems seem to be erratic seed crops and heavy use of
acorns by wildlife and livestock over much of the range. Buried dor
mant acorns may produce seedlings a year or more after they have ma
tured, but this is very unsure. Slow initial growth can be discouraging
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to the tree planter, but the species grows rapidly once it is well estab
lished.
SUMMARY

Table I summarizes some of the silvical and ecological information
about the four hardwood species. The slow initial development of
cherrybark oak and sweetgum as seedlings is of particular interest to
the silviculturist. Planted seedlings do not grow well in the early years.
Despite these problems, both species have outstanding product utility
and value. Research and development efforts have therefore been con
centrated on experimental and pilot-scale plantings of the two species,
with most emphasis on sweetgum. Some successful plantations have
been established, particularly where weed competition has been con
trolled in early years.
Research can seek genetically superior planting stock, learn to hasten
initial growth through incorporation or reduction of microorganisms
such as mycorrhizae, and possibly discover superior ways to prepare
nursery stock and fertilize the young trees to hasten early growth and
improve survival. Experimental plantings may lead to other aids for
establishing these highly desirable species.
Cottonwood ecology strongly indicates the need for intensive silvicul
ture. Farming methods are essential for the establishment of a stand
because of the extreme intolerance of the species to competition. Cot
tonwood’s rapid reaction to adequate moisture and fertile soil is very
encouraging. Insect and disease problems merely accent the need for
agronomic-like mananagement. Genetic variability of natural cotton
wood stands has provided the chance for selection of superior planting
stock. Substantial initial investments can yield rapid returns.
Sycamore ecology suggests a variety of possibilities. Three characters
are of particular interest: resistance to browsing, ability of seedlings to
compete with grass and weeds, and a sturdy young stem that grows
rapidly. The species may be ideal for areas of high game population
and for intensive silviculture on some sites.

I
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I
A summary of the silvics of cottonwood, sycamore,
sweetgum, and cherrybark oak
T able

Character
Seed
Size
Time of
dispersal
Germination
Viability
retention
Regularity of
seeding
Best seedbed
Seedling
Tolerance
to shade
Animal use
Competitiveness
Ht. growth/year
Sprouting
from stumps
Sprouting
from roots
Best soils
Poor soils
Tree
Growth rate
Windfirmness
Insects
Diseases

Sweetgum

Cherrybark
oak

200 M/lb.
Oct.-April
1st week May
Overwinter
Every year
Bare, moist

80 M/lb.
Oct.-Dec.
2nd week April
At least 2 years
Almost
every year
Disturbed,
moist

745/lb.
Sept.-Nov.
4th week May
At least 2 years
Erratic
Beneath
soil surface

Moderately
intolerant
Resistant
Good
8 feet
Excellent
Poor
Sandy loam,
moist
Very wet

Moderately
tolerant
Rabbits
Fair
3 feet
Excellent
Excellent
Silty or clay
loam
Very wet

Intermediate
Rabbits
Fair
6 inches
Fair
Poor
Silty or clay
loam
Wet

3/4" diam./yr.
Good
None of
importance
Cankers

1/3" diam./yr.
Excellent
Tent caterpillar
None of
importance

3/5" diam./yr.
Poor
Stem borers
None of
importance

Cottonwood

Sycamore

350 M/lb.
May-July
Immediate
72 hours
Every year
Bare, muddy
Intolerant
Excellent
deer browse
Poor
12 feet
Excellent
Poor
Silty loam,
moist
Poorly drained,
coarse
1-1/2" diam./yr.
Fair
Leaf, twig,
stem
Cankers
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Discussion
Question:

In controlled plantation systems, what is the maxi
mum yearly height and diameter growth for cotton
wood and sycamore?
M r. M cKnight: This will depend, of course, on the site on which
you’re trying to grow these species, how much you
may want to fertilize sites that aren’t highly fertile,
how much water you might want to add to those sites
that don’t have sufficient water throughout the grow
ing season, and so forth. About the maximum growth
of cottonwood that I’ve seen has been seventeen feet
in the first year. On short rotations, about the best
growth has been seventy-seven feet in eight years on
cottonwood. T hat was in a plantation belonging to
Greif Brothers Cooperage Corporation which is still
in existence. The tallest tree was ninety feet high.
The plantation is now in the ninth year and has
been thinned twice for pulpwood.
With respect to diameter growth of cottonwood, I
would suggest well over one inch per year is a pretty
good average on really excellent sites with intensive
cultivation immediately after planting. Some of our
best clones will grow a little over two inches per year.
Many selected clones of cottonwood are now being
tested throughout the South, and these vary tremen
dously in growth rate.
Height growth of eight or nine feet per year is
about as good as can be expected for sycamore, but I
don’t know exactly how much we might press out of
this species. Diameter growth of about 3/4 of an
inch per year can be expected on excellent sites un
der intensive culture. I suppose the best diameter
growth we have any place where sycamore is growing
under intensive culture is about one inch per year.
Of course, vigorous sprouts from 3- or 4-year-old
stumps may do even better.
Give approximate ideas of what returns can be ob
Question:
tained from intensive silviculture of sycamore and
cherrybark oak.

1M
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Sycamore might be a little easier to estimate—we have
more in the literature than we do on cherrybark oak.
We’re on short rotations and let’s gross this a little
bit. We might get, if we used the conventional meth
od of planting sycamore, up to the equivalent of 2.5
cords per acre per year on short rotations. Or if you
want to use the idea that Bob McAlpine and others
over at Athens, Georgia, have been studying—where
in they grow 1- or 2-year sprouts, cut like hay, and
convert into pulp—you might get the equivalent of
six cords. Now then, I would have to go to the pulp
company folks and say, “Well, fellows, how much
would you like to assign as the value of pulpwood?"
Of course, as a trader, the answer would be, “As little
as possible—perhaps $1.00 a cord.” But, on the other
hand, if you want to value your land as highly as
possible, you might assign stumpage up around $9.00
a cord or more.
As indicated in my paper, cherrybark oak starts
slowly and early growth is erratic. However, the value
of this species is excellent and the utility is extremely
high. Perhaps research will come up with answers to
speed early growth. Until such answers, intensive
culture of young plantations appears difficult to justify
at present stumpage rates.
Q uestion:
What are the prospects for extensive hardwood plan
tations of the species you mentioned—particularly
cherrybark oak?
M r. M cK night: Well, at this stage I would say we won’t see many
extensive plantings of cherrybark oak for a while. I
think the plantations will remain in the experimen
tal size that we are working with now. I know a great
many industries and private landowners are interest
ed in this species. I think we will be working with
other species, and we’ll see more intensive manage
ment of species like Shumard oak on the sites that
cherrybark occupies and Nuttall oak for the wetter
sites that cherrybark will not do well on. These are
two species that start off pretty well if planted as 1-0
stock.

M r. M cK night:
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THE ECOLOGY OF UPLAND HARDWOODS
OF THE OZARKS AND OUACHITAS
- WITH CERTAIN MANAGEMENT IMPLICATIONS
LEE K. PAULSELL
School of Forestry
University of Missouri

INTRODUCTION

To the young graduate forester I would address these opening remarks.
If you seek a challenge, if you seek something other than “cookbook
management,” if you would enjoy unraveling the intricacies of plant
site relationships, if you have the judgment to formulate sound silvicul
tural practice based on delicate biological balances tempered by strong
economic controls, if you have the patience to settle for the economical
ly appropriate in lieu of the theoretically ideal, if you think in terms
of sound land-use policy—then come to this ancient, upland region of
the Ozarks, the Bostons, and the Ouachitas. This land area provides the
challenges. It is old, complex, and heterogeneous. The ecology of the
region is variable, vague, poorly understood, and often quite unexplain
able. The hardwoods of the region have not been subjected to the formal,
intensive study associated with many other regions. Much of our knowl
edge of hardwoods of the region exists as “patchwork” based on informal
observation and experience of an applied nature. Although timber man
agement is becoming improved and refined, many problems remain un
solved because of a lack of sound, basic ecological knowledge.
THE REGION

Braun (1950) labeled the Ozarks and Ouachitas as the Interior High
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lands, Southern Division. Here in these uplands, the oak-hickory forest
reaches its best and most continuous development. This region as de
scribed by Braun “corresponds more or less closely with the physio
graphic provinces by the same names.”
The region extends nearly 350 miles north and south. The northern
boundary is usually taken to be the Missouri River in central Missouri,
while the southern border is near DeQueen, Dierks, and Arkadelphia,
Arkansas. At the widest point, it extends nearly 250 miles east and
west. Especially because of its north-south extent, it is difficult to de
scribe because of great variation within the region with respect to cli
mate, soils, and vegetation.
Physiographic History and Geology
There is not complete agreement on the geological history of the re
gion. The original land surface developed during the Appalachian
Revolution, a period of eastern mountain building near the end of the
Paleozoic period. Patterns in the Ouachitas were similar to those of the
Appalachians and a probable connection can be traced. Most authori
ties agree on two peneplains over much of the region during the Ter
tiary although occurring at different times in various parts. Throughout
this development, a number of "ups and downs” occurred with accom
panying flooding by the seas, deposition, erosion, movement, and general
“wearing down.” Softer formations yielded to drainage development but
resistant formations held fast on the higher elevations.
The Ozark Mountains area consists of two parts. The northern area in
cludes the Springfield and Salem plateaus, while the southern part
includes the Boston Mountains, slightly higher and more rugged. Braun
(1950) observed that “in the Boston Mountains there are relic mixed
mesophytic communities closely related to those of the Appalachian
Plateaus where the reduced Schooley peneplain surface is preserved.”
The Ouachita Mountains area is similar in that two peneplains are evi
dent. This area does differ in that many formations exhibit patterns in
dicating a folding process such as in the Appalachians, while in the
Ozarks a layered structure of formations is common. In the Ouachitas,
also, “there are mesophytic forest communities in coves on north slopes,
and isolated occurrences of eastern species” (Braun, 1950).
Rocks common to the Ozark Plateau area include limestones, cherts,
and dolomites. In the Bostons, sandstones and shales of the Pennsylvani-
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an era are prevalent. The eastern section of the Ouachitas is noted for its
Paleozoic shales, sandstones, quartzites, and cherts; the western portion
for its thick sandstones and accompanying shales. Many formations oc
cur with sharp delineations, visible especially on slopes. Forest types
often show the same sharp change.
Climate
Climatic data, because of the extent of the region, would serve little
purpose here. The climate is continental. Summers are long and hot,
while winters are usually rather mild except for occasional blasts of nor
thern weather which plunge southward.
Phenological activity varies greatly over short distances north and
south. Late spring frosts are common. Flowers and new foliage of hard
woods in coves and hollows are often affected as cold air drains into low
areas. We are usually cautious in the use of seed from southern sources in
the Missouri Ozarks.
Prolonged periods of intense, solar heating on clear summer days may
result in extremely high surface soil temperatures, accounting at least in
part for poor survival of northern species in first-year plantings on ex
posed sites.
Moisture supply is chiefly from the Gulf. Annual precipitation along
the southern border of the region may approach sixty inches; while
along the northern edge, it may average nearly forty inches. Precipita
tion patterns vary throughout the year. The severity of spring fire sea
sons and the vigor of early spring growth are significantly affected by
winter precipitation of a slow, convergent type. As spring arrives, convectional precipitation becomes more prevalent with intense thunder
storms, often somewhat violent. Old fields may burn vigorously in mid
afternoon after an early morning shower. Growing season moisture is
more unpredictable, usually convectional, spotty, and often occurs as
light storms which do little more than wet the surface litter. Semago
(1960) found in Butler County, Missouri, that a hardwood forest floor
intercepted 12.8 per cent of the total precipitation from September 5 to
November 11. DeWalle (1966) found on the same area that intercep
tion by the crown canopy without stemflow correction averaged 10.42
per cent of the total precipitation from 167 storms.
Prolonged droughts are common in late summer and often cause
noticeable mortality in understories and among lower crown classes. In
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adequate or poorly distributed growing season moisture along with rela
tively low soil moisture storage capacity is probably the primary limiting
factor in our Ozark hardwoods.
Soils
Soils of the region exhibit unusual variation and complexity, adding
another forceful control to hardwood management efforts. Segregation
of species because of soil-site characteristics is very real. Relationships be
tween site and vegetation are often masked by effects of past practices
including cutting, burning, grazing, and clearing for agricultural use.
In the Ozark Region, nearly all soils are residual, having been derived
in place from horizontal strata. There are exceptions to this, however.
Along streams, alluvial soils are common and are usually quite produc
tive except when gravel layers exist and permit excessive deep drainage.
Another exception may be found on broad, flat, interstream divides
where loessal mantles of varying thickness may occur. Because of the
terrain, these mantles appear to be rather stable in spite of erosion. They
rarely, if ever, occur on steep slopes.
The region is noted for its rocky soils, although there is considerable
rock-free area. Fragments of small to medium size, primarily chert, may
not impede root development and may conceivably aid deep percola
tion. A high stone content certainly results in less soil moisture storage
capacity. As long as recharge is adequate, this may not be critical but
it becomes highly important during periods of low precipitation. Chert
is present in many formations of limestone and sandstone. Its occurrence
over much of the region indicates its durability and resistance to wea
thering. The chert mantles are especially noticeable on land that has
been cleared and grazed, permitting removal of soil through surface
erosion. Thornbury (1965) pointed out that the Missouri portion of the
Ozarks may well contain more chert than any other comparable area in
the United States.
Soils are predominantly old, weathered, and leached. Prolonged leach
ing through the ages has generally resulted in significantly low levels
of certain elements, including phosphorus and potassium. We really
know little about the nutrient requirements of our species or the depths
from which nutrients are extracted by the growing forest stand. We do
have evidence that nutrients such as phosphorus, potassium, and others
are leached from the uppermost parts of the soil and are accumulated in
deeper horizons near the unweathered limestone. It would seem reason

UPLAND HARDWOODS OF THE OZARKS AND OUACHITAS

121

able that a limiting factor could be imposed in cases where the leach
ing depth is greatest. This would be particularly so in the case of young
stands unable to reach great depths during early development.
Leaching of some soils has resulted in formation of pans at various
depths. These are fragipans and they commonly occur on broad, flat
ridges. In the Ozarks, they are often associated with wind-blown mantles.
Pans drastically limit water movement and storage capacity and occa
sionally result in perched water tables. During seasons of heavy precip
itation, these soils with underlying pans may be fully saturated, and
water may be observed flowing out of the soil on upper slopes after
lateral movement along the fragipans. During periods of light precipi
tation, pan soils are droughty and constitute problem areas in manage
ment. Many such sites are considered submarginal for timber produc
tion.
Parent material from which the soils have been derived exerts a
strong influence on plant-soil relationships. Considering the wide vari
ety of formations over the region, it is understandable that soils are
quite heterogeneous and vary greatly over short distances.
Generalized Forest Composition
Throughout the Ozark Plateau and the Boston Mountains, oakhickory predominates, although shortleaf pine occurs in pure stands and
extensively in mixture with the hardwoods. In the Ouachitas, pine is
much more prevalent and usually carries greater significance in forest
type classification. According to Sternitzke (1960), pine area and stock
ing increased significantly in the previous decade. Pine increase, es
pecially in the Ouachita area, has been largely due to more intensive
management, including hardwood control and large-scale conversion.
Accompanying this shift was a decrease in upland hardwood volume of
17 per cent in the Ouachitas.
From forest survey information for Arkansas (Sternitzke, 1960) and
Missouri (Gansner, 1965), it is possible to gain some impression of the
relative occupancy of upland hardwoods on commercial forest land.
Table II provides estimates of percentages of commercial land by types
in selected regions. Not all types are included; therefore, figures do not
total 100 per cent. Of particular significance is the relatively modest
occurrence of oak-hickory in the Ouachita area.
Much has been written by Braun (1950), Steyermark (1955, 1959),
Palmer (1921) and others on the probable historical development of the
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vegetation of the region. Relic communities exist in many isolated areas
suggesting ancient connections with other regions, specifically the more
mesophytic associations of eastern forests and the xerophytic complexes
of the Southwest.
Soil-Site-Species Relationships
Throughout the region it is possible to find close relationships be*
tween forest composition and parent rock formations. Whether a given
soil is derived from limestone, sandstone, or perhaps shale, or whether
there is an abundance of residual chert present will have a decided effect
on tree development.
Closely related to parent rock are such factors as depth of soil, asII
Relative occurrence of selected types as a percentage
of total commercial forest land area.
From Sternitzke (1960) andGansner (1965)
T

Forest
Type

a b l e

Arkansas, Arkansas, Missouri, Missouri, Missouri,
Ozark Ouachita E. Ozark N.W. Ozark S.W. Ozark

..Per cent.....
9.0
61.0
6.0
Pine*
11.0
6.0
9.0
Oak-pine
77.0
Oak-hickory
72.0
24.0
•Called "pine” in Missouri survey; "loblolly-shortleaf" in

0.4
2.0
0.2
4.0
90.0
90.0
Arkansas survey.
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pect, and topographic position. These factors, of course, affect tempera
ture and soil moisture regimes. South slopes are normally warmer and
drier than north slopes.
Although field foresters have observed these relationships for years,
only a few formal studies have been made. Observation by Read (1950,
1952) illustrated the correlation between parent material and composi
tion. This work in the northern Arkansas Ozarks included factors of
geologic formation, type of soil, aspect, and predominant species. Read
also specified those species best suited for management on various sites.
In his consideration of topographic position, he concluded that “with
some major exceptions, topographic position—that is, upper or lower
slope—has a greater influence in fixing the productivity of a site than it
has in determining the species composition of the forest type to be found
on the site." Table III includes four geologic formations and species as
sociated with each as formulated by Read (1950) in northern Arkansas.
Arend and Julander (1948) classified and compared oak sites in the
Arkansas Ozarks in terms of composition, stocking, and growth. Their
site descriptions are summarized as follows:
Good Oak Sites: Lower slopes, benches, valley coves, narrow stream
bottoms, and gentle slopes—deep to very deep soils,
more than 24 inches to parent material—mostly north
ern and eastern exposures. Site index 60 to 85.
Medium Oak Ridges, upper slopes often with southern and western
Sites:
exposures—soil depth averages about 24 inches—mod
erate soil moisture. Site index 50 to 60.
Poor Oak Sites: South and west slopes and other situations of low
moisture—soil shallow to moderately deep (12 to 24
inches). Site index 30 to 45.
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T a b le I I I

Geologic
formation and
type of soil
Boone chert and
limestone
Deep cherty
silt loam
St. Joe limestone
Shallow
silty clay

Joachim sandy
limestone
Moderately
deep sandy
clay
Newton sandstone
Shallow
poorly drained
sandy clay
Deep loamy
sand

Relation of geology to soil and timber type
in part of the Arkansas Ozarks.
From: Read (1950)
Predominant tree species
Spedes best suited to
now present
forest management
South slopes North slopes South slopes North slopes
Shortleaf pine White oak Shortleaf pine White oak
Red oak
Red oak
Black oak
Black oak
Post oak
Blade oak
White ash
Blackjack oak Hickory
Black cherry
Hickory
Black gum
Chinkapin
Same as
Red cedar
Red cedar
Red cedar
Winged elm
south slopes
Northern red oak
Chinkapin oak
Shagbark hickory
Hackberry
White oak
Shortleaf pine White oak Shortleaf pine White oak
Red oak
Black gum
Black oak White oak
Hickory
Black oak
Black oak
Black oak
Black gum Red cedar
White ash
White oak
Red oak
Hickory
Red cedar
Same as
Red cedar
Post oak
Blackjack oak
south slopes
Black hickory
Red cedar
Winged elm
Shortleaf pine
Shortleaf pine White oak Shortleaf pine White oak
Red oaks
Red oaks
White oak
Black oak
Black gum Southern red oak Black walnut
White oak
White ash
Southern red oak Hickory
Black oak
Black oak
Black gum
Black gum
Hickory
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Four general oak types were recognized, and the eighty-six stands
studied were grouped into these types. The four types with correspond
ing annual growth by site index classes are given in Table IV. It can be
noted that types including white oak make their best growth on the bet
ter sites. The more xerophytic types make poorer growth due in part to
characteristics of the species and the fact that they are usually relegated
to the less productive sites.
T a b le IV
Annual volume growth of oak types during past ten years
by site index classes in the Arkansas Ozarks.
From Arend and Julander (1948)
Annual periodic volume growth
Site index class
All
45-minus
sites
60-plus
50-55
Oak type
P.nhir f(*w
---- —n(-r
— am*.......
- ............................
48
66
78
60
White oak
—
81
White-black-red oak
81
—
Black oak-hickory
46
27
43
57
—
23
23
Post oak-blackjack oak
—

Generally speaking, soils derived from limestone are considered most
productive, while soils derived from shale and sandstone are among the
less productive. Arend and Julander (1948) found this to be true when
they compared annual growth of stands on sites with soils more than
twenty-four inches deep grouped by parent material:
Cubic feet
of growth
Soils derived from:
per acre
limestone
63
Sandstone and calcareous sandstone
46
Shale, shale-sandstone, and calcareous shale
32
Timber Management Guide for Upland Central Hardwoods (U.S.
Forest Service, 1962) provides a site classification which with certain
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modifications applies to the Missouri Ozarks. On the basis of site index
for black oak, suggested site classes are summarized as follows:
Site Class 75+: Lower slopes, coves, and many north and east mid
slopes. Surface soils deep (A horizon at least 7 inches), loose, welldrained with high organic matter content. Preferred species, white
oak, black walnut, northern red oak and yellow-poplar (eastern
edge of region). With intermediate cuttings, 24- to 28-inch sawtimber should be produced in 60 to 75 years.
Site Class 55 to 74: Mid-slopes, upper north slopes, lower south
slopes, better well-drained ridges (A horizon 3 to 7 inches). Pre
ferred species, white oak, black oak, red oak. With thinning, 20- to
24-inch crop trees feasible in 75 to 90 years.
Site Class 40 to 55: Upper south slopes, dry rocky ridges and ridges
with poor internal drainage (A horizon less than 3 inches). Xerophytic oaks—black oak, scarlet oak, with shortleaf pine on appro
priate sites. With thinning, 16- to 18-inch sawtimber possible in 90
to 120 years.
Regardless of the applicability of site classification systems and sug
gested "preferred” species, one basic principle is obvious across the
region. Our most important species develop best on the better sites
with deep, well-drained soils; however, competition is greatest on these
sites and intensive management practices are necessary to maintain
"preferred” species under certain stringent conditions. From a practical
standpoint, economic controls may outweigh biological aspects and dic
tate management objectives.
Shortleaf pine, which occurs in pure clumps and as individual trees
mixed with hardwoods, grows wonderfully well on a north slope when
it accidentally gains a foothold. Here, however, it cannot maintain itself
against aggressive hardwoods. It must therefore retreat to the drier
sites—the hogbacks and upper slopes where it can hold its place with
less moisture against less competition. On these drier sites it occurs in
mixture with the xerophytic members of the red oak group.
A number of commercially important hardwoods grow on a wide
range of sites. Their affinity for certain conditions is reflected more in
form, quality, and growth rate than strictly in occurrence. White oak,
for example, is found on a variety of sites but reaches its finest develop
ment on deep, loamy, limestone-derived soils on lower slopes, benches,
and coves. It grows more slowly than the red oaks, is more tolerant
throughout its life, and is often found in association with such mesic
species as sugar maple, black walnut, and yellow-poplar on the eastern
edge of the region. From a management standpoint, it may not be wise
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to favor white oak on drier sites where black, scarlet, or southern red
oak will produce merchantable sawlogs in less time.
Black oak and other red oaks often occupy transition sites. Black oak
may occur in mixture with white oak on better intermediate sites and
with other more xerophytic red oaks on the drier end of the gradient.
On some intermediate sites it appears to be a rather stable type. Black
oak is an excellent timber tree. Growth usually will not compare with
scarlet oak, but it can be carried to longer rotations. It is a cleaner
tree and can be expected to yield higher proportions of clear material
for such products as flooring.
Scarlet oak, because of extreme intolerance, competes poorly on better
sites against persistent, tolerant species. Seedlings live only a short time
under dense, low shade. Where it happens to occur on lower slopes,
its growth is often phenomenal and can be accelerated by crop tree re
lease thinning. Scarlet oak often shows a capacity to grow well where
extremes limit other species.
Pan soils, as mentioned above, occur primarily on broad, flat ridges
and impose severe restrictions on tree development. These are the soils
which are associated with the well-known “post oak flats” of the Ozarks.
The density of the pan structure and its depth determine its importance
from a management standpoint. Stand development follows a standard
pattern on these sites. A young stand may begin growth with no obvious
handicap. As roots reach the pan and as the soil body above the pan be
comes "fully occupied,” height growth may practically cease, extreme
taper may develop and the stand becomes rather stagnated. Post oak,
blackjack oak and undesirable hickories (Carya sp.) are the primary
species on these pan soils.
Similar to fragipan effects are those of bedrock, outcrops, and glades,
where insufficient soil exists to produce manageable stands. Eastern redcedar, chinkapin oak, post oak, and blackjack are typical species. Black
jack oak has often been considered the plague of the Ozarks. It will
continue to occupy extremely xeric areas, but on many sites occurrence
is due to past abuse. Blackjack is relatively short-lived under competi
tion and usually does not develop to large size. Often not a true indicator
of site potential, it will become less prominent with management.
Disturbance
Throughout the region, fire has been for ages a prominent compo
nent of the environment. In more recent times fire has helped maintain
our relatively modest pine resource. Without intervention by fire or the
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use of mechanical or chemical methods, much of our pine land will re
vert to hardwood. Foresters of the southern region are well aware of
these strong successional trends. The use of fire for hardwood control,
as practiced in parts of the South, has not been adopted in the Ozarks
because of ’complex topography, intermingling of sites, and lack of
knowledge applicable to our specific conditions. Sites where fire might
be used as an aid to pine often occupy small, irregular areas.
Fire is almost always damaging to upland hardwoods and abundant
fire-effects literature emphasizes the loss in volume and quality due to
fire. This is accepted without question; hardwoods are quite susceptible
to heat damage.
I would like to present one idea which suggests that fire may have
contributed beneficially to our hardwood heritage in the Ozarks. Most
of our hardwood was cut heavily around the turn of the century during
a period of high fire occurrence. Today we have millions of acres of quite
decent, young, even-aged sawtimber primarily of sprout origin. We have
always heard that butt defect is greater in stands of sprout origin but
there can be exceptions. Perhaps, following heavy cutting, fire killed
stump sprouts along with other advanced understory growth and sub
sequent sprouts developed from low root collar buds. Butt defect is usu
ally thought to be less with low sprout origin. This sequence would have
produced rather uniform, well-stocked, vigorous, even-aged stands.
Blackjack and post oak are associated with poor sites, but their pres
ence also appears to have some relation to fire. They are in no respect
"fire species” but seem to persist better under the influence of fire than
other oaks. Stands burned frequently often have a greater component of
post oak due to more resistance and to prolific sprouting. The bark of
post oak appears to provide better insulation than smooth, dense bark
of the red oak. True site potential is often obscured by effects of fre
quent fire.
Grazing and trampling damage by domestic livestock cannot be over
looked in the region, but its severity varies. Gradually range is being
closed and, just as in the South, open range has contributed mightily to
the fire problem. My observations indicate that animal effects have
usually been worse on better sites and are often concentrated especially
where water is available near lower slopes. Better sites probably recover
more quickly, but composition may be affected according to resistance
of species to animal pressures. Young white oak is often browsed heavily
and even though adequate forage is available, it may be deformed or
destroyed by trampling.
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White oak acorns are relished delicacies of open range hogs, and mast
crops often can be estimated more accurately by observing fat on hogs
in late fall than by statistical sampling.
Poor cutting practices on steep, erosive sites and long, futile attempts
at cultivation of these sites have left scars which are slow to disappear.
Chert-covered ridges indicate low productivity and past abuse. Too
much land has been cleared in the Ozarks.
A project of large-scale conversion from poor quality hardwood to
grass is currently underway in south-central Missouri. It is estimated
that 150,000 acres have been treated in the past three years. Much of the
land involved has a fragipan and supported extremely low quality hard
woods. This program, primarily on private lands, includes herbicide
treatment; seeding, and fertilization.
Succession and Regeneration
There have been numerous attempts toward classification of successional stages in the Ozark forest. Some stages are distinct and can be easily
recognized in the field. Others are rather obscure and often do not oc
cur in neat associations as described by writers. Nevertheless, successional
change may proceed quite rapidly.
With increasingly effective fire control by state and federal agencies,
composition of many stands is changing and succession proceeds in the
direction of more mesophytic associations on the better sites. More sugar
maple is appearing in our understories and will constitute a problem as
management practice calls for regeneration of the more intolerant oaks
on good sites. Sugar maple is considered a weed species and only rarely
is merchantable. On intermediate oak sites (those approaching a 2-log
black oak capability), strong, expensive measures will be required to
maintain pine. These will be sites of conflict and delicate balance, and
management objectives may well rest upon the "economically feasible"
rather than upon the "biologically possible." Old abandoned fields are
reverting to timber quite rapidly depending upon site and available
seed and root stocks. Some may go directly to pine if seed is available.
Others progress along the hardwood sprout course including sumac
(Rhus sp.), persimmon, sassafras, winged elm, hickory, and the oaks.
Oak root stocks appear to survive for years and quickly help restock
open ground when pressure is removed. Eastern redcedar, held in
check for generations by periodic fire, is becoming more noticeable on
the Ozark landscape. Range people consider it a nuisance.
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I predict that the region will have problems in regeneration of de
sirable oak on better sites. Seedling regeneration during a short period
is not dependable. An astonishingly high percentage of acorns are de
fective largely due to weevil damage. In a Missouri study, only 14 per
cent of mature white oak acorns were sound (Burns et ai, 1954). Seed
production of the oaks is periodic and even good seed crops do not
necessarily produce good catches of seedlings. Rodents take a large toll
of sound acorns. Direct seeding has not been successful in the Ozarks.
It appears that advanced oak reproduction must develop over a peri
od of years—stored, in effect—because of all of the agents working against
good stocking of seedlings. Oak seedlings and seedling sprouts are quite
persistent and can survive for long periods under a canopy. It is not
unusual to find individuals three feet tall and twenty years old. These
small oak die back and sprout again, repeating this process many times
until they finally die completely or begin to grow following release.
Even with complete release, they may die back from shock and sprout
again with a vigorous, well-defined, dominant shoot. Perhaps we are
really storing root stocks for later use.
Walters (1967) investigated reproduction in two old-growth oak
stands in Wayne County, Missouri. Reproduction was generally most
abundant on mid-slope positions. Light and moisture seemed to be most
significant in affecting species distribution. Reproduction was gener
ally of poor quality. True seedlings made up less than one-half of oak
plants examined. About 80 per cent of all stems had suffered terminal
alteration of some kind.
After decades of partial cutting and uneven-aged management, we
are awakening to the fact that, because of intolerance, reproductive
peculiarities, stand development patterns, and normal succession, evenaged management with adaptations of clearcutting is the only feasible
method of maintaining good oak stands in the uplands. Even this re
cent change has not solved all the problems and to date no practical
system exists for the regeneration of good upland oak types.
Problems in controlling composition appear to be particularly seri
ous on the more mesic sites. With reduction in cutting and fire occur
rence, these sites, especially coves and lower north slopes, develop
heavy, low understories of less valuable tolerants such as sugar maple.
Removal of the last residuals of the overstory releases this undesirable
advanced reproduction which has usually prevented the establishment
of good oak due to heavy, low shade. On mid-slopes and on better upper
slopes and ridges, this problem is not as significant.
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IN CONCLUSION

This has been a quick, general look at some aspects of the ecology of
upland hardwoods of the Interior Highlands. Hardwood ecology as re
lated to management presents a great challenge. Much of our knowledge
is based strictly on field observation. Site-species relationships are deli
cate and poorly understood. We will see an increase in the production
of good quality hardwood as young stands approach maturity. For the
present, because of restrictive markets, low value of much material,
rather modest growth rates, problems in regeneration, and a shortage
of sound ecological knowledge, we must view intensive, expensive cul
tural treatments with caution. Our upland hardwoods have been there
a long time; they are strong and aggressive; they may be molded but
often defy drastic change.
Discussion
Question:
Mr. Paulsell:

Question:
Mr. Paulsell:

What is the windthrow problem of good hardwoods
on relatively shallow pan soils?
We do not expect to find "good” hardwoods on shal
low pan soils. Under certain circumstances where the
pan is fairly deep, we do find quite decent sawlog
hardwoods. We occasionally have some wind damage
to hardwoods, but windthrow, as we usually think of
it in other regions, is not a serious problem. I have
seen areas subjected to high, gusty winds, perhaps
approaching tornadic velocities where considerable
blowdown occurred. This would undoubtedly be
more serious on shallow pan soils. It is interesting to
examine roots of old post oak, for example, on a shal
low pan soil. The root systems are somewhat saucershaped and quite shallow. We don’t consider
windthrow a serious management problem, although
losses have occurred under extreme winds.
What about black walnut? This species wasn’t men
tioned.
I may not have mentioned it, but black walnut does
occur to some extent in the hill country. We find it
usually as occasional trees in the coves and on the
lower benches, usually in mixture with a rather mesic
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composition. It is, of course, a favorite spedes and
through the years it has been removed quite regularly
by local people in “high-grading” operations. If we
wish to favor or increase our black walnut, it should
be spedfically assigned to the best lower benches and
stream bottoms. In my home state of Missouri, our
Department of Conservation is promoting a program
of walnut establishment. Much of this activity is in
the river-hills country and in agricultural areas on
better sites than we find in the upland Ozarks. There
is a lot of interest in walnut. Several weeks ago, I
saw a new plantation on 125-bushels-per acre com
land.
In a more direct answer to the question, presently
we do not find a lot of black walnut in our upland
oak-hickory stands. We find some young walnut in
some of our coves and on the low benches. We have
problems establishing walnut just as we do with some
of our best oak spedes.
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MODERATOR'S SUMMARY
T H O M A S C. NELSO N
Southern Forest Experiment Station
U.S. Forest Service

I will not try to summarize the preceding papers. The authors have done
that. Rather, I would prefer to state some deep-felt personal convictions.
First, an admonition to ecologists. As a tribe, they have wept publicly
because their wares are not being gobbled up in the market place by
practitioners. Through Science and other scholarly journals their tears
have dampened an audience that extends more or less across the sci
entific community. Many of their sorrows are of their own making, and
the remedy lies largely in their own hands.
Our authors here have set a good example for the pure ecologist
who wails that his is an unheard voice in the wilderness. Specifically
they have avoided two of the deadliest sins of the purist. They did not
invent new terms for us; neither did they ignore the practitioner. They
used plain language, and they had the audacity to point out applications
of their findings to everyday situations faced by forest managers. We can
all do with a minimum coinage of ecological jargon. And the ecologist
who wishes to be listened to should remember that the quickest way to
a practitioner’s ear is through his problems. Provide the land manager
with information that will make his forest more productive—whether of
timber, game, or other values—and he will listen eagerly.
Now, a couple of admonitions to forest managers. First, you are all
practicing ecologists, and most of you know it. But you often do not use
your ecological philosophy, training, and observational powers to assure
yourselves of fast timber growth, maximum output of other products,
or reduced costs. You know the successional trends, the forest communi*
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ties, the quirks of the soils and climate you are working in better than
anyone else.
Why, then, are you unsure of your own observations, of your own
conclusions, of your own common sense? Of course we all have to make
expedient compromises, but let’s do it with an appreciation of the eco
logical consequences.
The mill may demand raw material of a certain species or quality,
but it’s just common sense to consider a species’ adaptation—its role in
the successional pattern, the degree to which you must fight nature in
reaching your management goals. After experience both as a forest land
manager and a researcher, I sometimes think such common-sense ap
proaches are the exception rather than the rule.
A second admonition: we as foresters will lose a great deal of public
support unless we make a concerted, organized effort to preserve some
of our natural forest communities.
I am sure that most of you are aware of the fine work accomplished
over the years by the Natural Areas Committee of the Society of Ameri
can Foresters. Last year, the Society was responsible for adding seven
teen new areas to the roster, including seven forest communities not
previously represented. The Nature Conservancy has aided greatly in
this effort and has itself purchased tracts to insure their preservation.
The U.S. Department of Interior’s program, “National Registry of
Natural Landmarks,” is well suited for giving recognition to many
natural areas on private and other non-federal forest land.
Part of the public’s demand for natural areas is warranted. People
deserve, and should have, examples of our natural heritage. And nat
ural areas fifty or one hundred acres in size are much more logical than
one alternative which seems to be catching the public’s eye—I mean, of
course, the preservation of such forest communities by taking thousands
of acres out of timber production.
We foresters have a special stake in the establishment of an adequate
system of natural areas. We need benchmarks—areas undisturbed so
that we can make quantitative estimates of the natural environment.
Where we establish such areas, I think they will show how little forestry
operations have polluted the water in various forest communities. They
will show how little forest pesticides and herbicides have changed the
environment. In short, natural areas provide checks against which we
can gauge many practices that have been subjected to criticism.

Part III

M ODIFICATIO NS OF THE ENVIRONMENT
FOR BETTER FORESTS

DRAINAGE AND SOIL MOISTURE CONTROL
IN FOREST PRODUCTION
T. E. M A K I
School of Forest Resources
North Carolina State University

Drainage and soil moisture control practices in forest production in the
past have been directed mainly toward coniferous forest types. This
unidirectional emphasis has been great enough to encourage thinking
and the making of assumptions that response of hardwood species to
manipulation of moisture levels is probably the same as that of conif*
erous ones. Some hardwoods may, indeed, respond to drainage in a
manner or degree comparable to confiers, but hardwood forest types
represent such a complexity of plant communities that generalizations
concerning their moisture requirements are scarcely warranted on the
basis of existing knowledge. In the eastern United States alone there
are some 258 million acres of commercial hardwood forest, and of this
total, over a fifth is occupied by valuable swamp and bottomland species,
principally in elm-ash-cottonwood and in oak-gum-cypress forest types.
Discussion of silvical characteristics and moisture requirements of the
numerous species in these types will not be attempted here. Suffice to
mention that some species, such as water tupelo, green ash, and willow
(Salix sp.) grow best in soils subjected to prolonged saturation in the
growing season. Other species such as willow oak, sweetgum, overcup
oak, etc., benefit from moderate fall and winter month flooding which
effectively recharges depleted soil moisture, thus serving as a partial
hedge against probable water deficits in the ensuring summer months
(Broadfoot, 1960).
In this connection, it seems relevant to remind ourselves that drain
age programs carried out under Public Law 566, referred to as the
139
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Small Watershed Act, have already managed to hurt swamp hardwood
production. Continued operations under this law are likely to inflict
further damage to swamp hardwood growth, until and unless adequate
systems analyses forcefully point up a sufficient economic justification
for production of such species as water tupelo and green ash instead of
watermelons and green beans, or other agricultural commodities. Prob
ably in no drainage districts to date have any operations been developed
specifically for improving forest production of valuable swamp hard
wood species. Present indications are that not much change from this
situation can be expected soon.
The outlook for beneficial moisture control in forests through irri
gation seems brighter, though perhaps the practice is applicable to
such limited areas as to have little significance in southern forest pro
duction. The growing problem of water pollution lends a sense of ur
gency and timeliness to this practice. In many localities there are un
doubtedly possibilities for using effluent from municipal sewage to
irrigate woodlands, employing the natural filtering capacity of the for
est floor and the underlying mineral soil as has been demonstrated by
Sagemuller (1965), Kardos et al. (1965), and others. Similarly, irrigat
ing woodlands with industrial waste water may prove feasible in some
situations as outlined by Mather (1953) who concluded from extensive
investigations that “disposal of waste water by woods irrigation...gives
promise of offering a cheap, efficient method of waste disposal,” Mather’s
study concerned waste waters of the Seabrook Farms food processing
plant in southern New Jersey where large rotating nozzles were used
for spraying woodland areas at rates of four hundred to six hundred
inches of water each year. Mather was not interested in forest production,
only in waste water disposal. Consequently, the practice was so drastical
ly applied that it altered the entire ecosystem, destroying practically
all tree reproduction and forest growth within the range of the spray
from the nozzles. Clearly deleterious effects on the forest were produced
not simply through the sheer volume of water, but perhaps even more
from the violent impact of the spray against the vegetation (Little
et al., 1959).
In contrast to the devastating effect of the Seabrook operation on
the forest cover (though the forest floor remained essentially intact), a
much less ambitious schedule of spraying cannery waste water was
employed in Michigan (Rudolph, 1957). Applied at the rate of 2 inches
per week, the water produced highly favorable results on newly planted
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black willows which three years after planting had attained a height of
9 feet on the irrigated plots as compared to only 1.5 feet on the check
plots. Thus, the practice of irrigation not only has beneficial effects on
tree growth, but it also has possibilities for controlling wood properties
and wood quality as reported by Zahner et al. (1964), Howe (1968),
and others.
These and similar experiences suggest the need for further critical
study of irrigation in forest production. The practice is known to have
definite value for such specialized objectives as stimulation of seed pro
duction in orchards, but it could doubtless be used more widely for
stream pollution abatement by forest-land filtering of municipal sewage
waste effluents and industrial waste water. It is recognized that for
tuitously distributed or located sources of waste water in relation to
forest massives may occur so seldom that forest production would not
be materially affected, but foresters still should be prepared to prescribe
tolerance levels of different species subjected to varying degrees of waste
water dispersal simply to assure maintenance of a thrifty and pleasing
forest environment under conditions of such disposal practices. We
should anticipate use of irrigation in forest production to develop be
yond its current modest and somewhat specialized beginnings, but un
questionably the extent and main directions will be determined by the
amount and kind of water available for allocation to forest land where
soils of appropriate kind and depth are found to function effectively as
filter and storage.
Beyond this preliminary recognition of drainage in relation to swamp
hardwoods and the brief consideration of the potential of irrigation in
forest production, the remainder of this paper will deal largely with
drainage and moisture control in wetland coniferous forests, particular
ly those with varying accumulations of organic matter.
EXTENT AND CLASSIFICATION OF ORGANIC SOILS

Wetland organic soils occupy extensive areas in North America. The
peatlands of Alaska comprise nearly 100 million acres. Canada has
nearly 280 million acres of peatland according to Heikurainen (1964).
In the Southeastern United States, extending from Virginia to the
Florida Parishes of Louisiana, there are some 16 million acres of wet
lands, but substantial areas within this region consist simply of wet
mineral soils. For example, in North Carolina the wetlands comprising

142

T. E. M AKI

mainly peats and mucks are only in the neighborhood of 1.5 million
acres.
The existing classification schemes relating to organic soils are not
very precise. Ordinarily, mineral soils are thought of as having organic
matter concentrations no higher than 15 per cent. Organic loams are
considered generally as falling within the organic matter concentrations
ranging from 15 to 35 per cent. Mucks and peats have organic matter
concentrations ranging from 35 per cent to 98 per cent or higher. Sepa
ration of mucks from peats is often attempted on the basis of degree
of decomposition, the organic matter in mucks having broken down
sufficiently so that the origin of the vegetal matter can no longer be
identified; often the assumption is also made that the mineral content
or ash concentration upon ignition is higher in mucks than in peats.
This differentiation, however, is scarcely valid, since many deposits of
“sedimentary” black, amorphous material clearly qualifying as muck
exhibit loss-on-ignition values greater than 98 per cent.
With respect to peats and mucks, the comprehensive review by Heikurainen (1964) points to the variety of classification schemes that have
been developed in different parts of the world. Early study of the prof
itability of peats for forest production in Great Britain employed
various characteristics of the peat itself for classification purposes, but
more recent work appears to give greater emphasis to vegetation types.
In Finland practical classification places heavy reliance on existing
vegetation types. The major breakdown is based on presence or absence
of forest growth, viz: (a) spruce swamps, along with some birch, alder
or both, (b) predominantly pine swamps, and (c) open, treeless swamps.
If the lesser vegetation consists of an abundance of eutrophic Bryales
(various moss species), the soil is considered to be rich; if sedges (Carex
sp.) predominate, the site is judged to be somewhat lower in quality
but still moderately rich; if the lesser vegetation is dominated by such
species as Eriophorum vaginatum, Scirpus caespitosus, or leafy ma-
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terial like Ledum, Vaccinium uliginosum, Calluna, etc., the site at
northerly latitudes is classed as too poor to produce an economic re
sponse to drainage alone; and finally, if Sphagnum fuscum is the domi
nant lesser vegation, the site is known to be poorest of all in nutrients
(Huikari, 1958).
In Sweden two chief types are distinguished, namely, swampy forest
land and mires, with dwarf shrub bogs, Carex bogs, and fens comprising
the mire communities (Malmstrom, 1958). Where fertilization is com
bined with improvement of drainage, peatlands are divided into four
main groups based on natural reserves of nitrogen and minerals (Malmstrom et al., 1956). Best sites are those with more than 1.6 per cent of
N and sufficient minerals for tree growth to produce acceptable yields
without fertilizers. In the second class are peats with ample N but
unbalanced minerals, calcium being generally high (CaO ranging from
1 to 4 per cent of dry weight), with pH values up to 7, but with P, K,
or both being too low for good tree growth. In the third class are peats
still with ample N reserves, but inadequate levels of minerals, weakly
decomposed substrate, low calcium (CaO concentrations not exceeding
0.4 per cent) and pH values ranging from 5.2 to 4.2. The fourth category
includes many dwarf-shrub bogs, mainly in northern Sweden, having
low N reserves, low mineral content, with pH values ranging from
5.2 to 4.0, and scarcely no decomposition of the organic matter.
In the United States classification of organic soils for forest produc
tion purposes has scarcely begun. To be sure, Dachnowski-Stokes (1955)
over thirty-five years ago developed a general classification that included
three major categories into which all peat soils in the United States
might be fitted, namely (1) oligotrophic, (2) mesotrophic, and (5)
eutrophic peats. The oligotrophic peats are the poorest in nutrients and
generally the most acid. It may be of interest to see how the peat com
position varies for these three categories from samples collected over a
wide latitudinal range in the eastern United States (Table V).
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T able V

Chemical composition of peat from selected locations in the eastern
United States. Adapted from Feustal and Byers (1930).
Depth Bulk
Location
& origin
of den pH Ash a i 2os CaO *v>5 K,0
sample sity
of sample
......Per cent..
Cherryfield, M aine Inches g/cc
Oligotrophic
2-4 0.68 3.7 2.31 0.293 0.51 0.06 0.08
(Sphagnum peat
swamp)
5-8 0.91 3.8 1.80 0.118 0.23 0.09 0.06
8-12 1.10 3.6 1.55 0.173 0.19 0.08 0.03
12-18 0.98 3.6 1.88 0.269 0.23 0.02 0.02
Beaufort, N.C.

Mesotrophic
(Ericaeous peat
swamp)

Belle Glade, Fla.

Eutrophic
(Saw-grass peat
swamp)

N
0.59
0.95
0.82
0.89

0-3
3-9
12-18*
24-30*

0.53
0.85
0.88
0.80

4.0
4.0
3.5
3.1

7.17
2.33
2.08
6.74

0.762
0.232
0.191
0.747

0.58
0.24
0.11
0.42

0.13
0.07
0.03
0.03

0.04
0.03
0.01
0.02

2.08
1.71
0.98
0.79

0-4
4-6
32
49

5.3
0.6 6.2
0.97 6.3
0.94 6.3

8.54
6.67
10.67
7.60

0.149
0.054
0.221
0.057

2.97
2.95
5.20
3.74

0.22
0.10
0.04
0.03

0.07
0.03
0.02
0.01

4.24
3.75
3.72
2.97

—

• Heath peat with sedimentary admixture.

The major latitudinal differences are in nitrogen, aluminum, ash
concentration, and in calcium, which is by far the highest in the Florida
samples. Latitude, of course, is confounded with vegetative origin of
the peat which ranges from sphagnum in the Maine samples to saw-grass
in the Florida samples.
In the Big Opening of the Hofmann Forest (currently devoid of
merchantable tree growth), situated in Onslow County, North Caro
lina, the organic layers and the underlying mineral material have the
characteristics as set forth in Table VI.
Although solid wood of Atlantic white-cedar is occluded in the or
ganic layers, the entire 5- to 6-foot layer would classify as muck, of which
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T able V I

Composition of organic and mineral soil material from the Big Opening
of the Hofmann Forest, Onslow, N.C., based on partial analysis
of layers immediately below the dense surface root mat.
Depth of Character of
Exchangeable
Volatile Total
sample
sample
matter
N
PH aluminum
Inches
8-16
24-60
60-66
66-72
72-78

Grayish-black
muck
Amorphous greasy
muck
Deep brown mucky
clay
Clayey layer
Hard sandy clay
pan

(me/lOOg)
—

Per cent
81.3
0.91

3.5

93.2

1.12

3.6

67.1
2.4

0.67
0.08

3.7
4.7

21.13
7.63

4.0

0.03

4.7

12.75

80 per cent or more volatilizes at 600° C. Of interest in this sample is
the extremely high exchangeable aluminum in the mucky clay layer
immediately above the mineral substratum.
The variation in amount, kind, and condition of the soil materials
encountered in dealing with wetland is indicated even with these few
data. Ultimate improvement of forest production on wetlands will de
pend on development of better understanding of the nature, magnitude,
and meaning of this variation in terms of its effects on tree growth.
Knowledge of this sort is essential for developing a classification of
wetland sites which will serve as a guide in acquisition, management,
and related decision-making.
In several countries, as mentioned earlier, classification schemes for
organic soils have been made and have proven useful. In Finland, for
example, 32 per cent of the land surface, or roughly twenty-four million
acres, consists of swamps and adjoining paludified upland; however,
surveys indicate that only about thirteen million acres under present
economic constraints can be justifiably drained.
When we have achieved a sufficiently refined classification for our
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varieties of organic soils, it may well be that we will encounter sub
stantial areas which without drastic alteration are clearly too unfavora
ble for production of wood, even in situations where the engineering
aspects of developing a drainage system appear wholly feasible.
Where the native character of soil and topography is such that it fails
to respond to site improvement measures either by drainage alone or
with drainage and fertilizing, the landowner may wish to consider more
drastic alterations of the site to make the land into an income-producing
property. One example of drastic alteration is illustrated by the
Kivisuo bog in south-central Finland where a wartime peat-fuel pro
duction venture created an elevated bog surface and an adjacent lake.
The lake formed in the borrow pit area from where the peat was
pumped out as a slurry which flowed through a huge piping system
onto adjoining land where it settled in even layers and was permitted
to dry. Subsequently the dried layers were lifted, cut into cakes, iand
transported to centers of consumption. When the operation was aban
doned in the early 1950’s, the level, elevated bog surface when fer
tilized proved to be an excellent site for planting trees. The lake, in
turn, offers considerable potential and opportunities in management
for waterfowl, fish, muskrats, or for human recreation (although in
Finland with its 60,000 lakes this sort of a water body clearly was not
needed). Thus, it appears feasible to alter organic-soil sites sufficiently
to make unproductive areas into ones capable of sustaining production
of a combination of usable biomass, including wood production, and
at the same time provide additional opportunities for people to recreate
by means of water-based sports.
MOISTURE LEVEL MANIPULATION FOR IMPROVEMENT OF TREE GROWTH

On substantial areas of existing wetlands it is possible to manipulate
moisture levels of soil by drainage, making them in several ways more
favorable for growth of pine species. In this context we think of drain
age in the classical sense of removing excess water from land, either
seasonally or perennially. The intended objective of such drainage is
to lower the water table, thus allowing tree roots and air to penetrate to
greater depths, permitting desirable oxidation processes and biological
activity to be accelerated, and encouraging soil structure to improve. In
this whole process, the trafficability of the site hopefully is also improved,
an objective always of prime importance in the operation of forest
properties for wood production on wetlands.
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Bedding

Few practices can equal bedding as a means of producing initial
improvement in pine seedling growth, even in situations where no
ditching is done. Bedding has greatly benefited red and white pines
planted on clay soils in the Lake States as reported by Wilde and Voigt
(1967) and slash pine in wet flatwood situations (Stevenson, 1966);
even on sands the practice of “ridging” has produced beneficial results
(Haines and Pritchett, 1964). In most organic loams and in shallow
peats not underlain by a hard pan, bedding may also yield substantial
benefits without resort to additional development of ditches.
In deeper, perennially wet organic soils the effect of bedding, when
coupled with a major drainage system, can be quite striking. This effect
is illustrated in a test of three pine species on the Big Opening of the
Hofmann Forest. Loblolly pine, slash pine and pond pine were planted
in early May, both on the berm and at the edge of freshly-made furrows
using a 4-disc Mathis fire-plow. At the end of the second growing season,
the total heights of the three species were as follows:

On top of berm ...........
At edge of furrow..........
Difference .......................
Std. error of difference....

Loblolly
pine

Slash
pine

Pond
pine

Feet
5.60
1.78
1.82
. ■*‘0.24 ••

Feet
5.18
1.76
1.42
±0.17**

Feet
2.47
1.77
0.70
±0.14»*

••Significant at 0.01 level.

Perhaps it is worth noting that, on the berm, loblolly pine has made
definitely the best initial growth, and, as expected, pond pine which
occurs naturally on pocosin sites grew the slowest. However, on the fur
row edges, which were very wet, the growth of all three species was
almost identical, indicating that the wetness had relatively the least
deleterious effect on pond pine.
Although the practice of bedding now holds much promise as a
means of local water control, it is not completely free of liabilities. If
root systems fail to develop sufficient anchorage, windthrow at some
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later stage may prove troublesome. However, at present it is believed
that pine species, such as loblolly and slash, will develop better anchor
age and deeper root systems on beds than on fiat terrain that is assumed
to be adequately drained. Thus, in the South windthrow should not
prove to be a serious problem on bedded sites. Where bedding is used
as a site preparation and water control measure, the added expense
would seem to justify regeneration by planting rather than by seeding
in order to take maximum advantage of the initially competition-free
microsites. This restriction may prove to be even more urgent, if it is
demonstrated that edaphic ecotypes for wetlands possess special advan
tages in rate or character of growth or in hardiness to frost damage,
which in some pocosins may be found a greater hazard or nuisance
than is now supposed. Obviously, seed supply of such ecotypes initially
would not be abundant, thus dictating use of seedlings, “tubelings,” or
related means of husbanding the ecotype seed supply. Finally, bedding
roughens the land surface, reducing at least initially the trafficability of
the terrain. In the deeper organic soils it breaks up the surface root mat
which normally offers substantial flotation to heavy equipment. When
plantations attain marketability, the ridges formed by the bedding
equipment prior to planting may still present sufficiently pronounced
differences in relief to complicate equipment operation and row thinning
practices, or eliminate the possibility of the latter. On the deeper or
ganic soil areas, low trafficability may rule out thinnings; so perhaps
this objection to bedding is not of great moment.
Ditching
Studies of water table behavior in response to drainage generally show
that it is not economically feasible to dig ditches at such close intervals
that moisture levels for growth of pine species become optimized. For
example, in Finland substantial gains in tree growth have been ob
served consistently at ditch spacings as narrow as five meters ( i.e.,
about one rod). On the soil types of the Hofmann Forest, the main
effects of drainage on water table fluctuations occur generally within
about one hundred feet of major ditches and canals. Consequently,
planning for adequate moisture control on pocosins or similar wetlands
would suggest ten to twenty chains as reasonable spacing targets for
major ditches and canals. These channels would suffice to draw off
excess water and minimize periods of inundation, but bedding would
be used for optimizing aeration and moisture levels in the microsites.
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After a forest stand has become established and crown closure is
essentially complete, the transpiration draft can have a very marked
effect on the fall of the water table of wetland sites. As an illustration of
the magnitude of the transpiration effect, measurements by Gallup
(1954) on wells installed in three different soil types on the Hofmann
Forest showed the following average daily draw-down during a 9-day
rain-free period from August 27 to September 4:
Area I—Organic loam __________ _____ 0.158 ft per day
Area II—Deep m uck.................................... 0.096 ft per day
Area III—Shallow organic soil...................... 0.128 ft per day
The above differences in daily rates of draw-down in the free water
table reflect not only soil differences but also vegetation differences.
Area II with the lowest draw-down rate had a stunted sapling pine
stand with an understory of low, ericaceous brush, and the well pipes
were entirely in the muck stratum, whereas in the other two areas nearly
the entire length of the well pipes was in mineral soil and the lesser
vegetation was comprised predominantly of tall, deciduous brush, par
ticularly on Area I.
During rain-free periods in the growing season, the transpiration
draft has a more pronounced effect on the water table than is exerted
by the ditches. Apparently, uptake of water by the root systems of the
trees, brush, and lesser vegetation is more rapid than the lateral move
ment of water through the soil mantle into the ditches. In the spring
when deciduous vegetation leafs out and annuals emerge, there is an
immediate drop in the water table; conversely, in the autumn after the
first killing frost or the natural curing of lesser vegetation, a measurable
rise in the water table occurs, obviously correlated with the reduced
evapotranspiration losses. The magnitude of these losses can be en
visioned when one considers that a 0.1-foot drop in the water table
means a reduction of 4,356 cubic feet of water per acre or nearly 33,000
gallons per acre in one day! Of course, some part of this water goes into
plant growth and dry matter production, but a substantial portion also
escapes from the land entirely, simply going into augmentation of the
haze on the distant horizon.
Road Beds and Land Gradient
Lack of relief, of course, is characteristic of wetlands. Unfortunately,
this lack has tended to encourage ditch diggers to ignore gradient
altogether. Failure or neglect to take gradient into account in road and
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ditch location is understandable when one realizes that pocosins, for
example on the Hofmann Forest, have gradients that for the most part
range from one to two feet per mile. Even this amount of slope is im
portant, particularly where a major ditch is planned for only one side
of the road.
Our measurements on water table behavior include situations in
which the canal has been located on the ‘‘lower’’ side of the road so that
the road bed has in effect formed a dam to normal flow of water in re
sponse to land gradient. These recordings have shown consistently a
higher water table on the “upper” side of the road irrespective of
whether the roadbed was of mineral or organic material. Degree of com
paction even in muck soil is apparently sufficient to iron out expected
differences among the various soil materials comprising the roadbeds.
The effect of canal and road location in relation to land gradient is
reflected even in the rate of water table draw-down to which an earlier
reference has already been made. The wells on the canal side of the
road exhibited a highly significant lower rate of draw-down during
the 9-day rain-free period from August 27 to September 4 at all three
areas as shown in the tabulation below:
Average daily drawn-down of
water table (8/27-9/4)
Canal-side wells
Feet
... 0.114
Area II-Deep muck................... ... 0.080
Area Ill-Shallow organic soil ....... 0.10S

Road-side wells
Feet
0.158
0.096
0.128

At the beginning of the measurement period, the water table on the
canal side at Areas I and II was already one to two feet lower depending

on distance from the canal. At all areas the lower water table was as
sumed to contribute to the lower draw-down rates, since less moisture
was available within the main root system depth even at the start. The
mean rates for the canal-side wells include the combined effects of
evapotranspiration and drainage, but because of the initially low water
table, the drainage effect is undoubtedly small. On the other hand, the
mean rates of draw-down for the road-side wells reflect evapotranspira-
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tion losses in the absence o£ drainage since the roadbed has essentially
cut off any flow into the canal.
That the impounding effect of roadbeds is of major concern in forest
land drainage is strongly emphasized by Stoekeler (1967) who made
a seven-county survey of size and placement of culverts on roads used
for logging and other woods work in northern Minnesota. He found
that culverts too small in diameter or poorly placed were major causes
of timber flooding and tree damage; 100 per cent of the stands suffered
light to severe damage from flooding where only 12-inch diameter cul
verts had been employed for cross-drainage.
EXTENT OF GROWTH IMPROVEMENT FROM DRAINAGE

Experience and study in European countries have demonstrated that
control of excessive moisture by drainage alone can increase wood pro
duction very substantially on sites that are inherently of reasonably
high fertility. On sites which lack only one or a few minerals but which
have ample reserves of mobilizable nitrogen, a combination of drainage
and fertilizing holds good promise of acceptable levels of forest produc
tion.
Experience with forest land drainage in this country is much more
limited and of shorter duration, especially in the South. On the Hof
mann Forest we have data summarized for some loblolly spacing plots
showing their performance twenty-seven years after planting. These
spacing plots were established on organic loam soils initially so wet that
planting by use of bars proved difficult, as described by Miller and
Maki (1957). After twenty-seven years the stand structure and the usable
volume distribution reflect noticeably better growth in plots situated
within a 250-foot zone along the canal in contrast to the growth on
plots situated likewise in a zone parallel to the canal but 340 to 500
feet from it. The study comprised a test of three spacings, namely,
4' x 4', 6' x 6', and 8' x 8'. No recommendation of any specific spacing is
implied here, but obviously, the 4' x 4' spacing is too narrow. Neverthe
less, it provides a contrast, perhaps mainly of academic interest, and the
results from it are reported here for comparison with results from the
8' x 8' spacing (Table V II).
It is clear that a distance of two hundred to three hundred feet far
ther from the canal has made a difference of about five to nine cords
of usable wood by the end of the twenty-seventh growing season. Re
sults of the 6' x 6' spacing, not tabulated here, show the same type of
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VII
Number of surviving trees and usable volume in cords per acre
twenty-seven years after planting in the 1936
loblolly pine spacing plots, Hofmann Forest.
T able

Tier I
D.B.H.: Trees
per
acre
Inches No.
4
5
72
6
132
7
112
8
104
9
44
Subtotal 464
10
40
11
16
4
12
4
13
14
Total
528

4 ft. x 4 ft. Spacing
Plot*: Tier II Plot**
Volume Trees Volume
per per per
acre acre acre
Cords No. Cords
24 0.22
1.87 152 3.99
5.67 152 6.54
8.28 136 10.10
11.80
88 8.54
6.34
68 8.35
33.96 620 37.74
8
7.08
1.21
3.41
4 0.73
1.01
1.18
46.64

632

8 ft. x 8 ft. Spacing
Tier I Plot*: Tier II Plot**
Trees Volume Trees Volume
per per per
per
acre acre acre acre
No. Cords No. Cords
8 0.07
8 0.21
12 0.23
1.86
36
1.55 60
5.52
68 4.08 92
80 7.76 88 6.95
108 13.30 60 7.37
300 26.90 320 22.00
64
9.65 72 10.78
24 4.37
1.46
8
24
16 3.46
5.09
4
1.18
4
1.08
39.68 416 47.19 420 38.78

*Tier I includes the plots next to the canal, and the nearest measured tree is 100
feet from the canal bank.
**Tier II plots parallel those of Tier I, and the nearest measured tree in them is
340 feet from the canal bank.

performance between tiers, with 48.5 cords in the Tier I plot and 43
cords in that of Tier II. If these plots had been established on bed
ded terrain of this soil type, it is believed that the volume differences
between the Tier I and Tier II plots would have been considerably
smaller; of course, final judgment on this point must await the results
of other tests which can provide a basis for assessing the long-time
residual effect of the known initially superior performance of seedlings
on bedded terrain. The best guess for the present is that the initial
stimulus given to the seedlings will carry through to the merchantable
maturity stage of the stand.
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CONCLUDING REMARKS

Moisture control through drainage, obviously, does not produce mira
cles, but it can raise many sites to acceptable levels of forest production,
and it is an essential function for protection and utilization on wetlands
with existing marketable stands.
As has been intimated earlier, drainage can alter the ecology of wet
lands very materially. Particularly in pocosins, drainage coupled with
fertilizing should improve the habitat for deer and other game and for
game birds such as quail.
Fears that drainage will cause water tables to fall by depleting water
supplies that should be percolating through deep seepage into ground
water aquifers are probably unfounded, at least so far as pocosins are
concerned. If substantial deep seepage were taking place, there would
probably be no pocosins. One of the major factors that has contributed
to the organic matter build-up in these wetlands has been the slow
rate of percolation of water added by precipitation down and out of
the entire system.
Finally, it may be relevant at least to mention the subject of subsi
dence. Under severe exposure of soils subjected to intensive cultivation
as in agricultural use, subsidence can be a serious matter. Our tests show
that many organic soils on severe drying exhibit amounts of shrinkage
up to 75 per cent. When the volatile constituents exceed 95 per cent
or more, obviously, they are vulnerable through oxidation to almost
complete disappearance. Nevertheless, observations under forest con
ditions still lead us to believe that any subsidence taking place under
forest production is not harmful, and may actually be beneficial. The
necessity for gates to control water levels in canals and ditches has not
yet been fully confirmed from the tree growth standpoint, but for other
reasons, such as fire protection, the investment in gate installation may
be justified.
Discussion
Question;
Dr. Maki:

On undrained bogs, how long do the benefits of
bedding persist?
My experience is limited mainly to areas where plant
ing has been done on beds or berms in which moisture
levels have been influenced also by ditching. The
effects appear to persist for at least about ten years,
which so far is the maximum length of my observa

154

Question:
Dr. Maki:

Question:
Dr. Maki:

T. E. M AKI

tions. On savannas or poorly-drained flatwoods, I
don’t know how long the effects persist beyond the
initial surge of stimulated growth, but in all these sit
uations, once a vigorous stand of saplings is estab
lished and crown closure occurs, transpiration will
have a marked effect on draw-down of high water
tables, particularly during the growing season. My
guess is that initially observed effects will persist in
some measure to merchantable maturity of the treated
stands in such drained and bedded situations.
What method do you recommend for getting seedlings
established on the beds created in your drainage pro
gram?
I recommend planting on top of the beds which have
been sufficiently firmed in the drawing-up operation
to reduce major air pockets in the microsite to a
minimum. In the Southeast, most organic loams,
mucks, and peats are likely to show response to phos
phorus and may also be improved by some addition
of lime. I can visualize that a properly mechanized
operation would deliver the phosphorus, lime, or
both, in a strip or band ahead of the bedding discs,
which would mix this surface application of salts
into the bed to a depth of eight to twelve inches.
Since in this fashion both phosphorus and lime would
be safe to apply immediately in advance of planting,
the planting machine could be hitched in tandem to
the hopper and bedder unless trafficability of terrain
would not stand the draft of so much equipment.
If seed is planted in rows or broadcast, what type of
equipment would you use?
I do not recommend seeding in the situations under
consideration here. The investment in bedding, ditch
ing, or both, plus probable fertilizing, is substantial,
and I feel that planting husky, hardy seedlings is less
risky and a quicker way of securing a well-spaced, full
stand of reproduction. Others here may have sugges
tions on suitable methods and equipment for direct
seeding, but I have no experience with seeding on
pocosins.
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Why did you feel it was necessary to plant pine at
4' x 4' spacing on the undrained bog? How about the
effect of this spacing on the soil-water problems?
The spacing plots to which I alluded in my talk were
not on an undrained bog but were established by
CCC crews in 1936 on organic loam soil which at
the time of plantation establishment was almost too
wet to plant. They consisted of two tiers of 1-acre
plots of the three “standard” spacings, the tiers paral
leling a major canal, with the first tier occupying a
zone about 250 feet wide along the canal. I do not
advocate any of the spacings used in these test plots,
since I believe that wider spacings between rows are
needed to facilitate ingress. The distance within rows
should be adjusted to secure the desired number of
plants per unit area, with spacing in the row, irre
spective of site quality, being no less than 5i/£ to 6
feet. In reporting the 27-year results from these plots,
my main purpose was to emphasize that the effect of
the ditch or canal did not extend very far, the volume
of usable wood being from five to nine cords lower
in the second tier of plots in which the measured
portions were within a zone about three hundred to
five hundred feet from the canal. Since the ditch
effects are so local, I believe that practical and eco
nomic considerations make it necessary to keep ditch
spacing no less than ten chains, using bedding to
attain sufficient aeration and moisture control be
tween ditches.
Are there any choice-of-species studies underway in
your drainage projects?
First, I should acknowledge that all the large-scale
improvement work currently underway on the Hof
mann Forest is being done by the Albemarle Paper
Manufacturing Corporation; our experimental in
stallations have been made in cooperation with them.
To date we have made tests of loblolly and pond pine
in our largest installation involving a net plot area
of sixty-four acres, but we have some small plot tests
comparing these two species plus slash pine, baldcypress and Atlantic white-cedar.
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Question:
Dr. Maki:

Question:
Dr. Maki:

Are you sure loblolly pine is the best choice for
planting on drained pocosins?
No. On our berm test loblolly pine has out-performed
pond pine which is native to the pocosin site. In the
Albemarle operations involving chopping, burning,
bedding, and planting, in that sequence, the initial
response of loblolly looks promising. It is subject to
tip-moth infestation, and setbacks from frosts may
prove to be more serious than we may have assumed,
but, for the time being, loblolly appears to be a
satisfactory choice.
Can you make a brief statement on the effects of
drainage on biology of the area, especially effects on
game animals?
No. However, I do not believe the drainage effects
are adverse. Burning, discing, liming, etc., appear to
increase the amount of broomsedge, for example, at
the expense of Kalmia, Zenobia, Cyrilla, Ilex, and
related vegetation. Thus, both the change in Holistic
composition and its nutritive value through fertili
zation is likely to improve the quality of forage and
browse, and drainage may lengthen the season also.
My guess, then, is that especially deer and game birds,
such as quail, would be benefited by the indicated
site amelioration practices.
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CONTROL OF PLANT COMPETITION
IN FOREST REGENERATION
AND MANAGEMENT
D A V ID D. SCHORES
Buckeye Cellulose Corporation
Perry, Florida

Before we look at various methods of controlling plant competition, let
us first assure ourselves that there is a need. Many foresters have severely
criticized the practices of the early southern loggers and their “cut out
and get out" philosophy, and yet I feel that much of this criticism is
undue. The need and economics for regeneration of the forest were
simply not present at that time, and the practices we follow today might
well be subject to that same manner of criticism by the foresters of year
2001. Therefore, the need and economics of the situation dictate, to a
major extent, the quality of forest management we practice.
Last October, Mr. George Weyerhaeuser, President of Weyerhaeuser
Company, said to the API President’s Forum: “The sixty planned or
projected North American pulp mills announced in the last two years,
to a large extent, represent the staking out of claims to the last remaining
unexploited stands of conventional pulping softwoods in the Northern
Hemisphere outside of Russia.” I fully agree with that statement. Most
of us here today are also aware of the need for large increases in pine
raw material predicted for the years ahead by many other sources, in
cluding Timber Trends (U.S. Forest Service, 1965) . Thus, a long-term
and increasingly greater demand for timber products is a conclusion on
which few foresters disagree.
In addition to, and going hand-in-hand with, greater demands for
timber products is the favorable economics of practicing intensive for
est management. As evidence of this, over 325 million seedlings were
planted by the pulp and paper industry in the South during the 1966158
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67 planting season, and I am sure that this figure will be considerably
higher for the 1967-68 season when those figures are published. Stumpage values of ten and twelve dollars per cord for pine are common in the
Southeast, and individual sales of over fifteen dollars per cord have been
reported in isolated transactions. I predict that throughout the rest of
the South similar stumpage values will begin to emerge when the de
mands of all the new pulp mills and plywood mills begin to be felt.
Thus, the landowner, whether large industrial, small farmer, or govern
mental, has the basic prerequisites for intensive forest management;
namely, long-term demand and economic soundness.
As evidenced by several of the papers presented herein, there are
numerous methods of practicing intensive forestry. Perhaps the most
fully developed and most widely practiced method is the establishment
of even-aged plantations by planting or direct seeding. An integral part
of this procedure is the control of competing vegetation in the estab
lishment of these plantations and the continuing control throughout
their life. We should assume at the start that this control of plant com
petition is based on an economic need to do so, and not purely from an
esthetic veiwpoint.
In order to illustrate some methods of control of plant competition,
I shall discuss techniques as presently practiced on lands of the Buckeye
Cellulose Corporation. My discussion is divided into two basic areas:
(1) initial establishment, or more commonly called site preparation, and
(2) control after stand establishment. I realize that the following ex
amples will probably not directly apply to your particular area of in
terest, but perhaps something can be gained from the principles used.
I wish also to point out that the techniques we presently use are con
siderably different from those originally conceived in 1956, and those
we use today will no doubt be changed in the years ahead. Different
conditions, changes in economics, and new equipment developments
all point out the need for site preparation to be a dynamic business.
The first land type I want to discuss is what we call flatwoods. Natu
ral growth on these areas consists of longleaf and slash pine, wiregrass,
palmetto, and gallberry {Ilex sp.). After harvesting the pine, site prep
aration is designed to eliminate or greatly reduce wiregrass, palmetto,
and gallberry, all inhibitors of survival and early height growth of
planted pines. The first step is to chop the area with rolling-drum
choppers. We use 16-foot-wide choppers, 6 feet in diameter, weighing
60,000 pounds when full of water, pulled by D-9 Caterpillar tractors.
After chopping, the material is left to dry for two to four weeks, after
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which the area is control-burned as hot as possible. To reduce future
competing plant growth, provide the benefits of tilling the soil, and al
low for water drainage, the final step of site preparation is bedding.
The bedding plow, weighing 12,000 pounds, is built by Rome Plow
Company and is rather unique in that it not only throws up a bed, but
it also tills the center of the bed. This heavy bedding plow is pulled by
a D-8 Caterpillar tractor. It takes approximately one tractor-hour per
acre to completely prepare a flatwoods site.
The second site I wish to discuss is called the sandhills and offers spe
cial problems. This area is characterized by longleaf pine and a heavy
growth of various scrub oaks and wiregrass. The deep sandy soil is very
low in fertility, lacks sufficient organic matter, and tends to be quite dry.
After the pine is cut, D-9 tractors chain down the remaining scrub oaks
with an anchor chain. Then, taking advantage of our hot and humid
climate, we allow nature the time to help us dispose of this material by
decomposition. Our normal practice is to advance chain these scrub
oaks during May, when their root reserves are lowest, and wait two
years for partial decomposition. The material is then burned and fol
lowed by a single pass of the 16-foot choppers, which completely chop
up all but the largest material. The site is then flat-harrowed with Rome
off-set harrows pulled by D-8 or D-9 tractors. In this way, all the organic
material is plowed back into the soil. This site preparation takes from
three-fourths to one hour of tractor time per acre to complete.
The third site which I wish to describe is one found in our Carrabelle tract near Apalachicola, Florida. This area is characterized by its
flat topography, very wet natural state, and an abundance of scrubby
shrub called black titi. Since this land stays relatively wet over long pe
riods of time and because the mean elevation allows for it, the first
phase of management in the area consists of building roads for access
and lateral canals for drainage. Main roads are placed on a nominal 1mile by 2-mile grid, with lateral canals added where additional drain
age is needed. Seven-foot rolling choppers are then pulled over the area
by D-6C Caterpillar tractors on wide tracks, chopping down the titi for
future site preparation and at the same time allowing for easier logging
of the scattered, residual slash pine timber. After logging, the area is
control-burned to eliminate as much organic material as possible. The
area is then bedded, again using D-6C tractors. We use the bedding tech
nique on all of our wetter sites, which seems to be the trend throughout
the southern coastal flatwoods area. Bedding, pioneered to a great ex
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tent by Brunswick Pulp and Paper Company, offers the distinct ad
vantage of improved early height growth, and yet costs no more than
traditional flat harrowing. Site preparation on this kind of site takes ap
proximately two tractor hours per acre to complete.
Another area of control of plant competition in the regeneration
phase is our work in controlling white titi in San Pedro Bay. This area
is quite similar to that on the Carrabelle tract, except that the soil in
San Pedro Bay is a deep muck, or undecomposed organic matter, in
stead of normal mineral soil. This muck condition makes it impossible
to clear and plant the area with conventional mechanical equipment.
Much of the time crawler tractors dare not venture into the area, and I
remember with sadness the week-long task of recovering a dragline
which had slipped off its mats. Obviously, the first task again is to drain
the area with canals. After drainage, the area is sprayed by helicopter
with 2,4-D at the rate of 6 pounds of active ingredient per acre. The
spraying is done in June at a time when titi root reserves are at their
low point, and then the area is direct-seeded the next winter with 1.25
pounds of slash pine seed per acre. The seed is given the standard
treatment for protection against insects, diseases, and rodents and is
broadcast-seeded from one of our company airplanes equipped with a
specially designed seeder. Results thus far with this technique have
been very erratic, ranging from excellent to almost complete failure.
The causes of these variations in results are being studied in depth,
but it is felt that weather conditions during the first growing season
are the most significant factor contributing toward success or failure.
At present we are investigating other methods of vegetative control,
including mechanical preparation using a LeTourneau swamp crusher.
If mechanical preparation is economically and technologically feasible,
more consistent direct-seeding results should occur. The specially de
signed 140,000-pound LeTourneau machine which we plan to test this
summer (1968) will crush a 30-foot-wide swath and is equipped with
water-tight drums so that the machine will actually float if necessary.
We first need the answer to the question, "Will it work?” and if so,
then, to "Is it economically feasible?”
Moving to the second area of discussion, let us review two methods
commonly used in controlling plant competition during the life of a
timber stand. I would imagine most of you would consider those of us
in north Florida fortunate, since we do not have the very difficult prob
lem of intensive hardwood encroachment into pine plantations. I know
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many of you are continually faced with this problem. The use of mist
blowers, poisons, and other such techniques are well known, and I will
not cover them here.
One management tool we use to control competing vegetation during
the life of plantations in the Gulf Coastal Plain is fire. Even though the
plantations are established after intensive site preparation, all compet
ing vegetation cannot be removed with that single operation. Therefore,
we have established the policy of control-burning all of our pine plan
tations when they become ten years of age. This control-burning is
designed to accomplish two prime functions: (1) the hazard of a wild
fire in essentially unmerchantable plantations is reduced considerably
for several years, and (2) the competing vegetation is reduced at a time
of full crown closure and should, therefore, remain somewhat reduced
throughout the rest of the life of the plantation. You might well ask
why the age of ten years was picked as the only time these plantations
will be burned. First, economics and practical considerations dictated
that repeated control-burning of plantations was not feasible on our
large industrial holding. We simply felt that we could afford only one
control-burning operation during the life of the stand, and it became a
matter of selecting the most opportune time. Second, we consider ten
years old as the minimum age from a risk standpoint. Certainly younger
plantations can and have been control-burned, although the risk from
fire rises appreciably as age decreases. Third, by the time a plantation
reaches fifteen years of age, sufficient merchantable volume should be
present for a commercial salvage operation in case a wildfire burns the
plantation—thus risk of loss is reduced as age increases. It is felt that
ten years is a reasonable compromise when considering all these factors,
although I certainly couldn’t argue with several years either way.
The final item I wish to discuss is that of controlling or eliminating
undesirable competition in hardwood stands. Most of us have areas
more suitable for the growth of quality hardwoods than for converting
to pine. Hardwood stands have in the past been badly abused by cut
ting the high quality logs and leaving low quality trees, or trees of less
desirable species, both of which eventually leave hardwood stands in
a deplorable condition, with little hope for future quality growth. Sever
al years ago we embarked on a twofold program of hardwood manage
ment designed to leave our hardwood land in a condition favoring
quality growth in the years ahead. The first phase of the program is
harvesting the poorer quality trees now, insofar as present markets will
allow, and leaving healthy, high value species for future growth and as
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a seed source for reproduction. This is being done with the realization
that present profit is being sacrificed for future profits. The second
phase is timber stand improvement work, or cull tree removal as it is
sometimes called, that is, deadening cull trees in areas which have been
harvested. The bulk of this T.S.I. work is on cull trees over 8 inches
d.b.h., plus large liveoak trees which are essentially non-salable. This
work is being done by three- to four-man crews of casual labor, super
vised by our hardwood forester, and using tree injectors and a 9:1 ratio
of diesel oil and 2,4,5-T. We have been well pleased with the results
thus far.
As I have discussed, we use numerous methods of reducing plant
competition, from heavy equipment to fire to tree injectors. Many oth
er methods are successfully being used throughout the South. Whatever
the method that best fits your particular situation, several key points
should be kept in mind:
(1) Present economics allow for the practice of intensive forest man
agement, but these economic factors are forever changing. There
fore, the forest manager should constantly re-assess his situation
and reyisfe his practices.
(2) Application of site preparation techniques should be based on
needs and results in a particular situation, not on how nice the
area appears or what someone else is doing. In other words, don’t
put a jeweled bearing on a wheelbarrow.
(3) The practices we have today are good, but tomorrow they must
be even better. Constantly improving our techniques is an impor
tant phase of our responsibility.
(4) The object of a forest manager is to make a profit, and it some
times requires large capital investments to make this profit. By
portraying a high degree of professional competence, we will
command the respect and confidence of our superiors so as to
warrant these large capital investments.
Discussion
Question:
Mr.Schores:

What is included in the machine hours involved in
site preparation? What are the average costs per acre
for bedding, using drum crushers, and so forth?
The machine hours which I quoted included the
time necessary for all needed phases of the particu
lar site preparation. For example, the one tractor-

164

Question:
Mr. Schores:

Question:
Mr. Schores:

Question:
Mr. Schores:

DAVID D. SCHORES

hour per acre for the flatwoods site includes the chop
ping and the bedding, and of course it includes the
labor necessary to do it. The reason I gave it to you
in tractor-hours instead of cost per acre is that I think
cost per acre can be very misleading unless we specify
what kind of costs are included. Are we talking about
direct operating costs only—or is overhead included—
the cost of supervision—or what have you? You should
be able to take the tractor-hour rates that I’ve given
you, apply the factor which you use in your own ac
counting system, and come up with a more meaning- ~
ful cost figure than if I told you our cost.
Don’t you think more prescribed fire may be useful
on your mineral-soil sites?
Perhaps I didn’t bring it out quite as clearly as I
should have, but we do use prescribed fire as an inte
gral part of site preparation on just about every type
of site. Fire, of course, eliminates a lot of the debris
and rough, and we get a much better bedding job. We
can eliminate excess organic matter on the wetter
sites with a prescribed fire. So we do use prescribed
burning quite extensively in site preparation, in addi
tion to the use of fire in our pine plantations for
control of competing vegetation.
Why do you still dilute 2,4-D with diesel oil? Why
not use it undiluted?
Actually, we use 2,4,5-T. We have tried both, and
both are satisfactory. The cost differential is about
the same, and we’ve had a few problems in the meter
ing of the smaller, undiluted quantity of 2,4-D. So it’s
really a matter of which one you like to use. Both are
equally good, but we like the results we get from the
diluted chemical a bit better.
On your wet pine sites which have been prepared by
bedding, have you done any row or broadcast seed
ing? If not, why?
We have done a considerable amount of aerial seed
ing, row seeding, hand seeding and other types of di
rect seeding. But over the years we have developed
the policy to plant where we can plant; if we can’f
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plant, then we direct-seed, which is second best, in
my opinion. Wherever we can plant, we put seed in
the ground—the plant. For two reasons: (1) we get a
more uniform stand, as all of you know; (2) and
even more important in the coming age of superior
trees, we can utilize the precious seed of these superi
or or genetically improved trees much better by plant
ing seedlings than by direct seeding. This is becoming
more and more important. For instance, next year 20
per cent of our seed requirements will be superior
seeds. If we direct-seeded that, it probably would
amount to less than 5 per cent of our requirements.
This is why we feel that planting is far superior,
wherever we can plant.
What basal area are you leaving in your managed
hardwood stands?
I admit that I discussed our hardwood management
only very briefly. Actually, we aren't cutting to any
particular basal area. What we are doing is trying to
treat each individual tree or each individual stand as
it ought to be treated in order to get maximum
growth for the next ten or fifteen years. In small iso
lated areas, this may involve doing nothing, or indi
vidual tree selection, or group selection, or almost a
seed-tree cut. Where there are no quality trees to
grow, we try to get regeneration or sprouts, or to re
lease the advance regeneration. So we aren’t cutting
a specific basal area but merely are trying to remove
the lower quality trees and the least valuable species
from the stand so that the stand can put on quality
growth until the next cutting.
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BIO-ECONOMIC ASSAY OF CONDITIONS
RELATED TO PINE MANAGEMENT
ON TENSION-ZONE SITES

T. H. SILK ER
Forestry Department
Oklahoma State University

Foresters in the South have been striving for some time to comprehend
the interaction of environmental factors controlling forest distribution
and function patterns. First efforts have been largely concentrated on
the better sites within the commercial forest zone where one could ap
parently expect favorable biologic and economic response. Judgments
of the potential of some sites for forestry use have not always been ac
curate, however. Even second and third planting efforts have failed on
some sites.
We have also been concerned about the ebb and flow of trial-anderror land management on millions of acres of seemingly comparable
environment. We share with others the responsibility of clarifying the
potential of such "problem area” acreage for commercial forestry use,
conversion to native grass pasture, or wildlife-watershed-recreation use.
Anticipated investments have prompted Oklahoma research to de
fine forest management classes and particularly limitations on the poor
er, "tension-zone” sites. Much of this effort has been concentrated with
in the Cross-Timbers, the post oak-blackjack oak-hickory savannah zone.
Our objectives include the determination of environments suitable for
the following: (a) establishment of southern pine being checked by
geneticists as “drought-resistant” ecotypes, (b) minimal pine directseeding or planting chances which are biologically and economically
suitable for conversion to pine management or dual pine-native grass
management, and (c) conversion to native grass pasture. A more recent
166
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study has been made to document apparent and discrete soil moisture
availability classes and relate these to shortleaf pine site index-plant in
dicator groups which convey land management class.
You will recognize from the plant associations and environmental
conditions described later that these patterns are also repeated on
problem-area or “tension-zone” sites farther east.
TENSION-ZONE SITES

Other papers have related the effect of climatic, edaphic and physio
graphic factors on plant distribution and function. However, a brief
coverage of soil patterns, particularly soil depth and texture patterns, is
desired to illustrate plant stress observed in our study areas.
Figure 17 illustrates the regeneration chance for shortleaf and lob
lolly pine as it relates to soil profile nature, apparent moisture avail
ability, and associate species nature and competition with the preferred
pine. Figure 17 also illustrates the order of plant group changes with
increasing water reservoir or decreasing retention capacity.
This figure emphasizes that plant stress is most critical in the regener
ation stage, particularly on extremely shallow sandy loam soils above
compact subsoils or on deep, coarse-textured soils. Thin, sandy loam sur
face soils have a limited water storage and retention capacity. Deep
sandy soils absorb most of the precipitation, but their coarse texture
permits the moisture to gravitate quickly to deeper strata below the
major root volume. Where soil patterns are more favorable, the compe
tition of associate plants creates most of the tension for the sub-climax
pine during periods of moisture shortage.
We were fortunate to include some "under-planting” research work
in one of the early chemical herbicide spray tests in East Texas. Pre
mium grade (Silker, 1960a) 1-0 loblolly and slash pine seedlings were
planted on two soils with a comparable sandy clay loam subsoil but
different surface soil depths.
Figures 18A and 18B contrast the response on the two sites. Scrubhardwood overstory on the two areas in East Texas was treated with
aerial chemical sprays in May, 1954. The uniform, hand-graded seed
lings were planted in January, 1955. Precipitation the following sum
mer was above-average. Survival for both locations averaged 98 per cent
in November, 1955. A second chemical spray treatment was applied to
the weakened overstory hardwoods in May, 1956, to complete the re
search treatment. Second-season spraying caused little shoot damage to
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F
17. “Total Site Classification" by the use of plant indicator sequence. Tentative
rating and relative position of predominant and common hardwoods in reflecting soil
moisture availability.
ig u r e

the under-planted pine seedlings. Immediately following the second
chemical spray treatment both areas were subjected to one of the worst
summer droughts in East Texas history.
Slash pine survival averaged 5 per cent at age four on the Lakeland
soil (Figure 18A ). The surface sandy loam will exceed three feet in
depth on a Lakeland soil, but exceeded six feet on the test area. The
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sandy loam surface on a Ruston soil is less than three feet, and usually
ranges from fourteen to twenty-four inches. Slash pine survival on the
Ruston soil averaged 92 per cent at age four (Silker, 1959). Figure 18B
shows slash pine development on the Ruston soil in 1965 at age ten.
These plantation responses help document the poor or risky pine re
generation rating given deep sandy soils supporting post oak-sandjack
(bluejack) oak associations at the extreme right of the wedge-chart
in Figure 17. Hardwood overstory kill, pine regeneration, and pine
growth on the droughty deep sand sites are so marginal that seven to
fifteen dollars per acre chemical spray treatments are considered “high
risk” investments. The responses also duplicate the environment, over
story plant association, and reproduction pattern evidenced by natural
longleaf pine regeneration on comparable soil series on adjacent sites,
illustrated in 1963 (Silker, 1965).
The conditions discussed above are for Coastal Plain sites in the east
ern portion of the commercial pine-hardwood type of East Texas where
annual precipitation averages 44 to 55+ inches. Similar environments
occur throughout the Coastal Plain. Deep, droughty sands are common

A.

B.
F igure 18. Survival and development of underplanted 1-0 premium grade slash pine
seedlings on soils with a comparable sandy clay loam subsoil but different surface
soil depths. Overstory hardwoods were aerial-sprayed two successive years at start of
study with a common herbicide treatment. (A) Remnant pine at age four on a Lake
land soil with surface sandy loam exceeding six feet. (B) Pine at age ten on a Ruston
soil, where surface sandy loam is less than three feet and usually ranges from fourteen
to twenty-four inches.
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in the “sandhills islands" of northern Alabama, Georgia, the Carolinas,
and northern Florida (Hedlund and Janssen, 1963). The longleaf
pine-post oak-blackjack oak-turkey oak “islands” mapped by the U.S.
Forest Service show a close distribution correlation with the “Citronelle
Islands” or Quaternary age soils delineated by Doering (1960).
ECOLOGY OF “COMMERCIAL-FOREST ISLANDS*' IN TENSION ZONE

Precipitation and evapotranspiration patterns largely control commer
cial tree distribution and function west of the 42-inch isohyet. However,
the “pine islands” that lie over ninety miles west of the commercial
pine-hardwood boundary in eastern Texas and about twenty-five miles
west of this boundary in eastern Oklahoma appear to be dependent on
other than climatic patterns (Figure 19). All “pine islands’*examined
to date lie above a residuum of Quaternary-age soil material and have
a minimum plant association of post oak-blackjack oak-hickory-tree
huckleberry.
Thorough sampling in both Texas and Oklahoma suggests that the
law of compensation plays an important role in "pine island” distribu
tion and plant performance. Where ideal soil profiles prevail, there is
enough moisture storage and retention capacity to compensate for the
low precipitation of about thirty-five inches near Bastrop, Texas. Soil
moisture availability offsets evapotranspiration. Where soil profiles are
not ideal, the plant associations are under considerable tension.
It appears the pine and normal hardwood associates spread westward
across a strip of ideal “red-yellow podzolic” soils (Quaternary materi
al) . Figure 19 suggests that subsequent erosion along major drainage
lines isolated these “pine island” communities on the major ridges
(Silker, 1965). Note that Doering (1956) did not claim that the Qua
ternary formation extends north and west beyond Willis to the “pine
islands” at Bastrop, Texas. Quaternary soil residuum is mapped, how
ever, under the "pine islands” in east-central Oklahoma (Miser et ah,
1954).
The fidelity of plant grouping among all the "pine island” areas sug
gests there is a minimum and common threshold which limits plant re
generation and development. Below this threshold the pine and asso
ciated commercial hardwoods come under considerable environmental
tension. This threshold should be of considerable interest to geneti
cists testing pine progeny from these “pine island” areas. Geneticists
have been concentrating on possible natural selection and drought re-

F
1 9 . The western limit of the commercial pine-hardwood boundary largely coin
cides with the 42-inch annual precipitation isohyet. The "lost pine islands” in both
Texas and Oklahoma lie above a residuum of Quaternary age soil material. Note that
Doering (1 9 5 6 ) did not project the "Citronelle formation" (Quaternary age soil) west
of Willis to Bastrop, Texas.
ig u r e
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sistance as a basis for plant distribution and function. There has been
concomitant speculation that such progeny could be used to afforest
much of the twelve million acres of the Cross-Timbers area west of the
commercial timber boundary in East Texas (Zobel, 1953). Afforesta
tion effort in this area without a previous investment to ascertain en
vironmental variations and limitations would suggest double-jeopardy.
Edaphic or site conditions of new afforestation areas should be equiva
lent to or better than the “pine island” seed-stock areas for one to ex
pect favorable biologic and economic response by commercial tree spe
cies.
We have comparable Cross-Timbers savannah environment in eastcentral Oklahoma which poses a problem of similar magnitude. In the
last twelve years aerial chemical sprays have been applied to deaden
undesired hardwoods and release native grass for management. Chemi
cal sprays have been applied to hundreds of thousands of acres. How
ever, there is variable opinion as to the best use for these lands. Efficient
water conversion is a major problem to be considered in this area.
Stands of low-value winged elm, post oak, and blackjack oak pre
dominate on undeveloped, rocky land west of the commercial pinehardwood boundary. The better soils have mostly been cleared for crop
land or improved pasture.
Good native grass stands usually develop after herbicide treatment
and summer deferment of grazing. However, subsequent combinations
of heavy stocking and sporadic drought quite often results in overgraz
ing, range deterioration, erosion, and wildlife habitat or watershed
damage.
LAND-CLASS EVALUATION STUDIES

In 1962, we initiated two related land-use studies to determine those
lands best suited for forestry or for conversion to native grass pasture.
The studies were designed to test sites in two climatic zones; i.e., less
than forty-two inches precipitation and greater than forty-four inches.
Two sites classes are being studied: (a) relatively poor forestry chances
—growing a post oak-blackjack oak association, and (b) fairly good
forestry chances—growing an association of post oak-blackjack oakhickory-tree huckleberry-red oak*.
Native forage potential is assayed by intercept development and total
• Indudes both southern red oak and black oak.
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volume measurements on sub-plots where overstory hardwoods have
been killed. Forestry potential is observed by evaluating shortleaf pine
direct-seeding and the planting of graded, premium seedlings on simi
lar plots. Seeding and planting were carried out annually from 1963
through 1965 in order to appraise biological limits over variable climat
ic patterns. Input-return evaluations will be made on the pine invest
ment by appraising 10-year and subsequent growth measurement.
Sites are usually characterized by considerable surface rock exposure.
Physical conditions limit the use of tree-planting machinery and thus
lead to relatively high hand-planting costs. Direct-seeding appears to
be the most economical method for introduction of commercial tree
species, where sites permit. However, there is a question as to whether
mycorrhiza will be present in the soil, and, if not, whether seeded pine
can develop without the usually associated fungi.
A companion study was carried out from 1962 through 1964 to de
termine the effect of site quality and mycorrhiza on establishment
and development of seeded shortleaf pine. Soils under three low-value
hardwood stands in Pittsburg County (annual precipitation less than
forty-two inches) were evaluated for texture, moisture retention capac
ity, and mineral status.
Shortleaf pine seed was grown on four replicate soil samples ob
tained from each of three plant association areas: (a) post oak-black
jack oak, (b) post oak-blackjack oak-hickory, and (c) post oak-black
jack oak-hickory-tree huckleberry-black oak. The 1962 tests were made
on mixed soil lots collected from the upper one foot of the profile. The
1964 tests were made on reproduced soil profiles from soil collected to
a 29-inch depth. One set of soil samples was left untreated. A second
set was sterilized to kill mycorrhiza and subsequently used to check the
development of shortleaf seed in a mycorrhiza-free environment.
Seeded shortleaf stands were thinned back to a uniform population
of twenty seedlings per lot (equivalent to thirty per square foot) soon
after germination. All lots were given optimum watering and grown
for 193 days at Stillwater to determine mycorrhiza incidence and pos
sible relation to pine regeneration and development potential.
Plants were washed out of the soil chambers and graded as to height,
stem diameter at root collar, per cent fascicled needles, root length,
and root volume by water displacement. Roots were then appraised
for mycorrhiza presence and relative frequency.
Tallies were made of all woody plants two feet or more in height, on
transects 50 feet long and 12 feet wide, above each soil location. Average
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Species

numbers of woody plants per acre growing on the three sites are plotted
in Figure 20. Only a few species grow on the poorest site where winged
elm, post oak and blackjack oak predominate. With site improvement
there is an increase in number of species with high frequency. Thus,
winged elm, post oak, blackjack oak, and hickory predominate on the
intermediate site. Tree huckleberry and black oak also become promi
nent and indicate additional site improvement on the third site.
It is apparent there is a high fidelity in plant grouping on the three

Num ber o f P la n ts p e r A c re Xj

Average woody plant population on four replicated transects within three
Cross-Timbers sites classified by predominant species: (a) post oak-blackjack oak, (b)
post oak-blackjack oak-hickory, (c) post oak-blackjack oak-hickory-tree huckleben-yblack oak. Sites are located in Pittsburg County, Oklahoma, above tipped and al
ternating sandstone-shale strata of Mississippi-Pennsylvania formations. Annual pre
cipitation is less than forty-two inches.
F
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sites. That is, only certain plants with like requirements group togeth
er, and there apparently is little or no accidental expression or "splashover” by plants having dissimilar requirements.
‘ Top development attained by seeded shortleaf pine on the three soil
lots is illustrated in Figure 21A. It is apparent there is a marked im
provement in seedling height, stem diameter, and per cent fascicled
needles in plants grown on soils regarded as fair forestry chances at the
right.
Figure 21B shows the root development of equal numbers of plants
grown on the three soil lots in 1964. Development is again proportion
ate to rated site quality, i.e., sites considered as poor, intermediate, and
fair forestry chances (Silker et al., 1966).
Mycorrhiza frequency evaluations on roots of shortleaf pine seed
lings grown in the three soil lots for 193 days were proportionate to the
rated site quality of the poor, intermediate, and fair forestry chances
(Silker et al., 1966).
Table VIII shows the relative "frequency rating” of mycorrhiza on
roots of shortleaf pine seedlings established in natural stands. The
"pine island” samples are from stands lying ten to twenty-five miles
west of the commercial pine-hardwood boundary. They occur on patch
es of Quaternary soil deposits similar to the “lost pines” of east-central
Texas (Miser et al., 1954). Mycorrhiza frequency from "pine island”
samples is equal to that of samples from the commercial pine-hardwood
zone. It should be noted that seedlings obtained from the "pine island”
and commercial zone stands were from areas supporting a post oakblackjack oak-hickory-tree huckleberry association, where pine regene
ration is considered frequent and favorable (Silker, 1965).
Our evaluation of soil tests, seeded shortleaf pine response, and my
corrhiza incidence was as follows (Silker et al., 1966):
a. Soil tests did not suggest a direct relationship between cation ex
change capacity, per cent nitrogen, organic matter, pH, or min
eral status and shortleaf pine seedling development, although all
plant lots had optimum watering.
b. Differential juvenile development of shortleaf pine may be con
siderably influenced by mycorrhiza incidence and early develop
' ment of a symbiotic relationship.
c. Frequency of mycorrhiza appears sufficient under certain native
plant groups west of the commercial pine-hardwood boundary
to adequately innoculate direct-seeded pine.

F igure 21. Typical development of seeded shortleaf pine on soil from sites supporting
three variable plant associations, left to right: post oak-blackjack oak, (b) post oakblackjack oak-hickory, and (c) post oak-blackjack oak-hickory-tree huckleberry-black
oak. Seedlings are from the 1964 test, grown for 193 days at Stillwater, Oklahoma. All
test lots were given optimum watering. (A) top development; (B) root development
of equal numbers of plants.
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T able VIII

Relative "frequency rating” of mycorrhiza on roots of 3-year-old
shortleaf pine seedlings obtained from natural stands.*
1964 Sample Locations
A. “Pine Islands"z
N. Coal County
J-l, South of Atoka
J-6, 1 mi. £. of Ashland
J-7, Arpelar
B. Commercial Zone:
Highway 3, McCurtain Co.
Ashley CCC Road

Mycorrhiza
1.0
1.3
1.5
1.4
1.2
1.2

• "Pine island” samples are from stands lying ten to twenty-five miles west of the
commercial pine-hardwood boundary. All seedlings were from sites supporting a
post oak-blackjack oak-hickory-tree huckleberry association, where pine regeneration
is considered frequent and favorable.

d. Seeding and planting evaluations suggest that only soils like the
Linker, Hartsells, and better sites of the Hector-Pottsville group
on the 4.25 million acres of Cross-Timber lands in Oklahoma
may be biologically suited for conversion to pine.
e. Of particular interest is the means to identify the minimum site
for a pine seeding or planting chance and identify the crop that
may lead to the most efficient water conversion and watershed
protection. The high fidelity in plant grouping suggests that
post oak-blackjack oak-hickory or better plant associations can
be used with confidence to convey where these soils or sites oc
cur.
Finally, 1 would like to share the findings from a study by one of
our current graduate students. His work pursues the testing of plant
indicator groups suggested in 1960 for delineating Coastal Plain land
management classes (Silker, 1960b). Wilson’s data (Wilson et al,
1967) help document the relationship of shortleaf pine site index to
relative but discrete soil moisture availability and management classes
and to certain plant indicator groups with which the pine associates.
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Moisture availability rating should also help the comprehension of rela
tive regeneration chance, plant susceptibility to drought and insect
depredation, and relative competition from associate plants.
Four plant indicator groups were studied on Coastal Plain sites: (a)
post oak-blackjack oak-hickory-tree huckleberry, (b) hickory-red oak,
(c) red oak-sweetgum, and (d) black gum-white oak. Plant frequency
tallies and shortleaf-pine site index were recorded on ten 1/10-acre
plots for each plant group. Study areas were selected irrespective of soil
series or phase, slope or aspect. A common plant frequency was used as
a threshold for each plant indicator class, i.e., the most demanding or
key species of each group had to occur in three out of four quadrants
of a 1/10-acre circular plot to be classed as "common” (Silker, 1965).
Soil series and profile descriptions were classified by Soil Conserva
tion Service personnel. Samples of soil horizons have been studied
for mechanical analysis, cation exchange capacity, and exchangeable
cations. Soil patterns, physiographic data, and plant response are be
ing studied for correlation with site index of three dominant or co
dominant shortleaf pine per plot.
Figure 22 shows that mean site-index values of 64, 71, 78, and 90 feet
at age fifty years were determined for shortleaf pine occurring with
the four plant groups, respectively. Average pine site index values for
the ten plots in the hickory-tree huckleberry and red oak-red gum as
sociations are plotted around the mean for these groups to illustrate
that variance is quite small.
The pine site-index ratings suggest that specific plant groups will re
late apparent and discrete soil moisture availability ratings. The find
ings should help inter-discipline interpretations as follows: (a) iden
tify soil or site changes; (b) relate moisture-availability classes and
relative plant regeneration chance; (c) interpret productivity poten
tial, or management class, of various sites; (d) delineate shallow or
deep phases of given soil series; (e) assist with forest soil mapping and
interpretation; (f) assist with determination of an allowable base for
land tax assessment.
A brief coverage of points (d), (e), and (f) above is provided to
suggest how specific plant groups could be used to interpret land man
agement classes within soil series parameters. Figure 17 indicates that
Boswell and Susquehanna soils may have a sandy loam surface that var
ies from one inch to fifteen inches in depth. Current soil mapping de
lineates soils only by series, type (texture class of the surface layer),
slope and erosion class. Thus, the map symbol does not identify for a

SITE INDEX (HEIGHT AT 50 YEARS - FEET )

TOTAL HEIGHT - DOMINANT TREES - FEET

AGE - Y E A R S

S IT E INDEX - SH O R TLE A F PIN E
Figure 22. Site index values for shortleaf pine occurring with four plant-indicator

groups on Coastal Plain soils in southeast Oklahoma. Average pine site index values
for individual plots in the hickory-tree huckleberry and red oak-red gum associations
are plotted around the mean for these groups to illustrate variance.
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given area whether the surface layer is shallow, intermediate, or a deep
phase.
Number or letter symbols could be used as equivalents for the several
plant groups found on various soils. Thus a Boswell soil series symbol
with a suffix of 2 could communicate a post oak-blackjack oak associa
tion, a shallow surface soil, a low moisture storage capacity, a conse
quent low survival class for pine regeneration, and a low vigor and
growth potential for pine (Silker, 1965). A suffix of 3 would segregate
areas with a post oak-blackjack oak-hickory-tree huckleberry associa
tion and designate a site having optimum natural regeneration of pine
without cultural help. This class would also suggest a favorable growth
potential and only moderate stand improvement investments justified to
control undesirable associate hardwoods competing for moisture. The
series symbol plus suffix symbol could thus serve as a total site-manage
ment class inventory base to all potential users.
SUMMARY

There has been some skepticism of the thesis that resource classes in
the South could be delineated by the use of plant indicator groups. The
results of our studies of soil-plant relationships encourage the use of
plant groups to assay bio-economic management classes on Coastal
Plain and related up-slope sites.
Favorable forest management opportunities west of the 42-inch pre
cipitation zone in Texas and Oklahoma are considered largely related
to residuum of Quaternary soil material. This material, and most of
that blanketing a great portion of the Coastal Plain region and upslope sites, is not delineated on current geologic maps. Plant species
grouping and function are considered largely dependent on the distri
bution and nature of residuum of Quaternary material.* This material
needs delineation and classification before we can truly comprehend
the total ecology at play and management classes in the region.
Natural and artificial regeneration studies on both shallow and deep
sandy surface soils have delineated biological limits on tension-zone en
vironments.
A post oak-blackjack oak-hickory association appears to portray the
minimum environment suited for conversion to pine. The high fidelity
in plant grouping suggests these plant associations can be used with
confidence to convey where minimum soils or sites occur.
*Silker, T. H. April 11, 1967. Justification for doctorate study: Surface geology-soilsite relationships in Gulf Coast and up-slope areas. 9 pp., iUus.
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Recent studies on Coastal Plain sites show correlation between shortleaf pine site index and four plant indicator groups. These data should
help document relative but discrete soil-moisture availability classes,
associated pine regeneration chances, relative plant competition class
es, and pine growth potential.

Discussion
Question:
Mr. Silker:

Would not pine mortality on deep sandy soils in 1952
have been prevented if oak had been removed after
regeneration was established?
I suggest we consider the word "reduced” in place of
"prevented.” Pine mortality would be reduced by
some control over the overstory hardwoods. However,
where we underplanted premium-grade loblolly and
slash pine seedlings, part of the plantings on the
deep-sand site were in an area without an overstory
of scrub hardwoods. There were no competitive
hardwoods such as post oak and sandjack oak. We
had a 98 per cent survival the first year after planting
in January, 1955. After the drought of 1956, we had 4
per cent survival. In fact, only three pines remained
in a large opening at age four. Thus, there was high
mortality even where there was no overstory compe
tition. Now, if you spend fifteen dollars per acre for
two chemical spray treatments and you still wind up
with a 4 per cent plantation survival pattern, we
would consider this a relatively risky pine regenera
tion chance for the investment involved.
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IMPROVEMENT IN SOIL FERTILITY
AS A MEANS OF INCREASING GROWTH
OF FOREST TREES
W. L. PRITCH ETT
Florida Agricultural Experiment Station
Gainesville, Florida

INTRODUCTION

Improving the fertility of a forest soil—in its broadest sense—means
changing the chemical, physical, or biological properties of that soil so
as to increase its productivity. However, more commonly the use of the
term “soil fertility” has been limited to the chemical aspects of the soil,
and improvements usually involve the additions thereto of organic ma
terials, lime, or chemical fertilizer. It is in this latter, more restricted,
sense that soil fertility will be herein discussed.
This paper is not intended as an exhaustive review of forest fertiliza
tion, but rather as a look at some of the problems connected with im
proving soil fertility in forests. Comprehensive reviews of the results
of forest fertilization research have been published by White and Leaf
(1956), Mustanoja and Leaf (1965), Stoeckeler and Arneman (1960),
and others (Leaf, 1968; Stone, 1968; Swan, 1965).
One would probably conclude from those reports that at the present
stage of forest soil research, fertility does not appear to be the limiting
factor in tree production in the vast majority of forested areas. This pic
ture may change as more and more exploited and marginal agricultur
al lands are converted to forests. Furthermore, adoption of intensive
management practices and the use of faster-growing tree selections
place a greater demand on the site for nutrients, which, in turn, makes
fertilizer use in forests a more attractive prospect. Certainly there are
183
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already extensive areas where the fertility of forest soils must be im
proved if maximum tree growth is to be realized. Some areas where
striking responses in tree growth were obtained from fertilizer applica
tions are in Sweden (Hagberg, 1966; Hagner, 1966), the Calluna soils
of Britain (Binns and Grayson, 1967; Ovington, 1965), and the sands
of South Australia (Moulds, 1957). In those areas fertilization is al
ready an accepted practice in forest management.
In the United States, wood has generally been in abundant supply,
and as a consequence forest fertilization has received but little attention
until the last decade or two. During this period, encouraging reports of
accelerated tree growth in response to soil fertility improvements have
stimulated further research. Some of the most promising results in the
United States were obtained by fertilizing red pine growing on the gla
cial outwash soils of New York with K (Heiberg et al., 1964), fertilizing
Douglas-fir with N in the Pacific Northwest (Gessel and Shareeff,
1957), and fertilizing slash (Pritchett and Llewellyn, 1966) and loblolly
(Maki, 1960) pines with N and P in the southeastern Coastal Plains.
In this paper, methods of improving soil fertility as a means of in
creasing tree growth are discussed. Several major topics have been
considered in an attempt to reach some general conclusions concern
ing the place of soil-site amelioration in southern silviculture. These
topics are: (a) assessing soil fertility, (b) fertilizers and the essential
nutrients, (c) soil fertility and nutrient cycling, and (d) site prepara
tion and drainage.
ASSESSING SOIL FERTILITY

If one accepts the premise that a relatively small percentage of the total
forested acreage can be profitably fertilized at the present state of tech
nological development, it becomes especially important to have a meth
od of selecting those areas of low fertility where the investment in
fertilizer is likely to give an economic return.
Poor tree growth, of course, may result from a variety of factors other
than low soil fertility. These include lack of soil moisture or aeration,
or other poor soil physical conditions, insect or disease attack, or even
ineffective microflora (Swan, 1965). Where a mineral deficiency is sus
pected, any one of several methods may be used for estimating the fer
tility status of soils, with varying degrees of success. These include both
visual inspection of plants and chemical analyses of representative
samples of soil and plant tissue.
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Deficiency symptoms, manifested in growth abnormalities or off-color
foliage, are often the result of failure to synthesize chloroplast pigments.
Chlorophyll content and chloroplast activity may be associated with
the supply of N, Fe, Mn, Mg, Mo, and perhaps other heavy metals in
the plant tissue. However, the presence of chlorotic leaves is not an in
fallible indication of a deficiency of a particular nutrient. Natural
changes in leaf color, such as winter breakdown, may be mistaken for
a deficiency symptom; pathogen and insect damage, and deficiencies of
two or more elements in the same tissue may make the symptom diffi
cult or impossible to interpret (Mustanoja and Leaf, 1965).
Nitrogen deficiency, resulting in light green, slightly chlorotic leaves,
is fairly widespread among pines in the Southeast and is probably the
only deficiency symptom which is generally recognized in these species.
Trees growing in their natural habitat seldom exhibit symptoms of
deficiencies. However, exotics or native trees planted off site or on soils
that have been heavily limed may exhibit symptoms of one or more de
ficiencies. Excellent discussions of deficiency symptomatology were giv
en by Leaf (1968) and Stone (1968).
Vegetation types or “indicator” plants, like deficiency symptoms, are
useful guides to soil fertility conditions. But because of their relatively
wide tolerance to variations in fertility, these plants do not provide an
accurate means of assessment.
Fertilizer trials are the most laborious and time consuming, but prob
ably are the most widely used of all methods for determining the fertili
ty status of soils. Experiments involving rates and ratios of nutrients
generate rather precise information on the availability of those nutri
ents for a particular soil condition. However, care should be exercised
in applying the results obtained on one soil to a different soil.
Tests of this type are usually conducted in the field, however, soils
may be brought into the greenhouse and used in pot studies. Interpret
ing results of greenhouse studies for plantation use is more difficult than
interpreting results of field experiments.
A series of fertilizer rate experiments conducted over a wide range of
fertility levels, in soils that have been well characterized, offers an op
portunity for interpreting tree-growth response in terms of soil condi
tions. From these tests, some causes of variations in fertilizer response
may be determined. Furthermore, data from tests conducted over a
wide range of fertility conditions serve as raw material for multiple re
gression analyses used for developing response surfaces. Hopefully, such
curves, based on soil and tissue tests, can be employed for delineating
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soil areas on the basis of fertility and for predicting where a response
to fertilizers can be expected.
A series of field tests, employing various rates of N and P fertilizers,
is being conducted with southern pine on the lower Coastal Plains
soils of the Southeast by the Cooperative Research in Forest Fertiliza
tion (CRIFF) program coordinated at the University of Florida. These
experiments, designed to yield a broad base of information on fertilizer
response by pine, are an essential part of a rather comprehensive re
search program on forest fertilization supported by the principal pulp
and paper companies and agricultural chemical industries of the area.
Soil testing is widely used for assessing soil fertility conditions for cul
tivated crops. Although organic matter is sometimes determined as a
measure of soil N, and total content of P may be measured, soil testing
generally involves extracting by an acid or salt solution that portion of
a soil nutrient which is “available" or will become available to the tree.
Clearly, this latter is not a quantitative value and has meaning only af
ter the results have been correlated with yield response from fertilizer
rate experiments. Soil tests have the advantage of usability for predict
ing the amount of response that may be expected from fertilizer ap
plications to a particular soil before the crop is planted. However, soil
tests are not widely used in forestry because there have been few suc
cessful attempts at establishing meaningful correlations between growth
response to fertilizers and soil nutrient reserves.
On the basis of research (Pritchett and Llewellyn, 1966; Pritchett,
1968) and observations, the following points may be made on the value
of soil tests for predicting the fertility status of forest soils: (a) In a
soil area, such as the flatwoods of the lower Coastal Plains where one
nutrient, phosphorus, appears to be particularly limiting for good tree
growth in a fairly large percentage of the area (and where other site
factors such as moisture availability, topography and competing vegeta
tion are relatively uniform), soil tests may be successfully used for pre
dicting tree response to additions of that nutrient. Response curves
developed for one soil area, however, can not be used successively for
predicting tree response on distinctly different soils, (b) A test for an
"available” form of soil P may be a better indicator of fertility condi
tions than total P in sandy soils, (c) Soil available P, however, may not
be an adequate method of assessing the status of that nutrient in all
stages of stand development (Pritchett, 1968). Much of the P may be
converted to organic forms as the young trees grow and needles fall and
recirculation keeps P in a form not accurately measured by present
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soil test methods. For example, curves were developed for predicting
growth responses of young slash pine to rock phosphate applied to
Coastal Plains flatwood sands on the basis of soil testing. However, for
old stands a tissue test appeared to be a more useful method of check
ing soil fertility (Pritchett, 1968).
Tissue analyses are based on the premise that a relationship exists
between the rate of tree growth and the concentration of a particular
nutrient in the tissue. Foliage is the most commonly analyzed tissue for
diagnostic purposes. Tissue analyses, like soil tests, are only useful if
they can be interpreted in terms of a previously established threshold
value for the particular species under the prevailing environment. A
threshold value may be thought of as the concentration of a nutrient
in the tissue that is neither completely adequate nor deficient. Varia
tions in nutrient concentration among (a) different parts of a tree, (b)
the same tissue but in different crown positions, (c) seasons, and (d)
trees of different ages make standardization of sampling techniques of
utmost importance. Even with standardized samples, concentration of
a particular nutrient may be affected by the levels of other nutrients or
by environmental conditions other than soil fertility.
Layton and Armson (1955) reported correlations between height
growth of Scotch pine and concentrations of N, P and K of needles in
the terminal shoots, but other researchers (White and Leaf, 1956) have
found no such relationship under their conditions. A significant rela
tionship was reported between the P content of needles of 5- to 7-yearold unfertilized slash pine with growth responses to phosphate fertilizer
applications in experiments on Florida flatwood soils (Pritchett, 1968).
Chemical analyses were made on needles collected in the winter from
the last fully developed flush of the previous season. They were taken
from twelve to fifteen primary laterals selected at random from the top
one-third of the crown.
In a series of six field experiments, needle samples and surface soil
(0-15 cm) samples were collected in 1954 from plots fertilized with 0,
222, 445, 890, or 1780 kg rock phosphate per hectare. Trees were two
to five years old at the time of sampling. Needles were analyzed for P
concentration, and soils were analyzed for ammonium acetate (pH
4.8) -extractable P content. The results, which represented the P status
of plots at the beginning of the 1964 to 1967 growth period, are given
in Table IX. These data indicate that significant growth responses may
be expected from rock phosphate application where the P concentra
tion in needles of young slash pine is less than 0.097%.
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FERTILIZERS AND THE ESSENTIAL NUTRIENTS

Sixteen elements are at present known to be essential for plant growth
and development. Three of these elements, C, H, and O, make up the
bulk of the tree's total weight, but since they are supplied by air and
water they are seldom discussed with other essential nutrients. Of the
remaining thirteen elements, N, P, and K are the ones most commonly
added as commercial fertilizers. Calcium, Mg, S, and some of the micro
nutrients may need to be added in some unusual soil conditions.
IX
Volume yields, volume increases (1964-67), and
P contents of needles and surface (0-15 cm) soils
in six slash pine experiments in 1964.
T a ble

Rock phosphate
applied

1967
Volume

1964-67
Volume
increase

P content
Needles
Soils*

kg/ha
0
222
445
890
1780

dm3/tree
6.62
12.34
12.96
15.40
17.88

dm3/tree
5.67
10.98
11.44
13.84
15.54

per cent
0.076
0.097
0.101
0.105
0.114

ppm
1.03
2.32
3.57
5.02
6.72

•Extracted with NH^OAc buffered at pH 4.8.

Nitrogen comprises over 78 per cent of the earth's atmosphere, but
in this form it is unavailable to higher plants. Although some N is fixed
by both symbiotic and non-symbiotic bacteria, N is perhaps the most
universally deficient of all the essential elements in soils. In spite of
the widespread need for N to improve soil fertility, responses to N ap
plications on newly planted trees are rarely reported. Most forms of
fertilizer N are soluble and may leach from the soil before young tree
roots have developed sufficiently to absorb it. Under some conditions,
the stimulation of weedy vegetation by N applications may be detri
mental to young trees. On soils of low P content, N applied alone
usually suppresses the young tree growth by aggravating the P deficien
cy (Pritchett and Llewellyn, 1966). However, the combination of N
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and P often results in greater growth response on these soils than when
P is used alone. High N applications may prevent mycorrhiza develop
ment in young pine by creating an imbalance in the soluble carbohy
drates to total N ratio in the roots (Richards and Wilson, 1963).
On the other hand, N applications have significantly increased
growth of established stands in several countries. An increase in incre
ment of about 40 per cent over a 5-year period after the application of
up to about 100 kg N/ha to spruce and pine of varying ages was re
ported in north Sweden (Hagner 1966). Hagberg (1966) obtained
good responses to 200 kg N/ha applied to the same species in central
Sweden. There have also been reports of increased growth of establish
ed stands by N applications in Australia (Moulds, 1957; Raupack,
1967), Germany (Hausser, 1961), Japan (Shibamoto, 1957), and the
United States (Gessel and Shareeff, 1957). Urea appeared to be the
favorite N source for aerial application to established stands (Hagner,
1966) in the Scandinavian countries, because of its relatively high con
centration (45% N ).
Phosphorus fertilizers produced striking growth increases when ap
plied to young trees in Australia (Raupack, 1967), Britain (Swan,
1965), and the United States (Heiberg et al., 1964; Pritchett and Llew
ellyn, 1966), and when applied to pole-stage stands in New Zealand
(Conway, 1962). In the latter instance, Conway (1962) more than
doubled the growth increment of 27-year-old Monterey pine over a 5year period with an application of 60 kg P/ha as superphosphate. Aver
age volumes of 4- to 7-year-old slash pine (Fig. 23) on the Coastal
Plains flatwood soils, which received several rates of P at planting time,
are shown in Table IX. Rates of about 40 kg P/ha appear to approach
the effectiveness of higher rates at this early stage of growth.
Rock phosphates, applied at comparable rates of P, appear to be
equally as effective as superphosphate for sustaining long-term growth.
However, there may be less response to ground rock phosphate than to
superphosphate during the first two or three years after application. On
wet sites, the first few years may be extremely critical in stand establish
ment.
Potassium deficiencies occur most commonly in add, sandy to loamy
sand soils low in organic matter and low in total cation exchange capadty and percent base saturation, according to Leaf (1968). As with
Mg defidendes, K deficiencies are more likely to develop on soils of
alluvial and blow-sand origin. Over seventy-five references can be found
in the literature on the use of K fertilizers in forest stands (Leaf, 1968).
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23. Slash pine in fourth growing season on Weston loamy fine sand. Trees on
left fertilized with 40 lbs./acre P „0, from superphosphate at planting time. Trees on
right unfertilized.
F ic u r e

These include reports on research conducted in Europe, North and
South America, Australia, and Africa. One of the most striking re
sponses to K was in red pine plantations on glacial outwash sands of
New York where 45 per cent more height growth than controls was
measured twenty years after treatment (Heiberg et al., 1964). However,
reports of significantly increased tree increment from K applications are
not widespread. Potassium additions have not resulted in increased tree
growth in the acid sands of the lower Coastal Plains.
Calcium was reported as limiting in some soils in Finland (Ovington,
1965), the Netherlands and Germany (Mustanoja and Leaf, 1965).
Liming materials are used more for raising the soil pH than as a nutrient
source. Lime appears to be of greatest benefit to established stands
where thick layers of undecomposed materials have accumulated. In
creasing soil pH may stimulate biological activity and affect the decom
position of layers of raw humus, and thus influence the availability of
nutrients. Nitrification reportedly proceeds at an extremely slow pace
in most acid forest soils (Chase and Baker, 1954). However, pine, at
least, appears to thrive on ammoniacal and organic sources of N.
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Ovington (1965) points out the possibility that the breakdown of or
ganic matter following liming may cause less N to be available to trees
and thereby induce N deficiency. However, such a condition should
exist only if large amounts of raw humus are present and only until the
rate of metabolic activity of the microorganisms has stabilized. Pines
grow rather well over a soil pH range of about pH 3.8 to 7.0, and they
will grow at an even higher pH if Fe or other micronutrients are not
deficient.1
Other nutrients have been reported as limiting tree growth under
some soil and climatic conditions. Reports of Mg and S deficiencies
were reviewed by Leaf (1968), and a comprehensive review of micro
nutrient nutrition of forest trees was made by Stone (1968).
Stone concluded that B was the micronutrient most commonly de
ficient in forest plantations. Boron deficiencies have been reported in
plantations of at least six countries, but the deficiency has not been
found in natural forests. Zinc deficiencies of pine were corrected in
South Australia by spraying pine with a 2.5% solution of ZnS04
(Moulds, 1957) with spectacular results. However, the deficiency has
not been reported elsewhere. Iron deficiency is fairly common, often in
duced by high soil pH, but instances of increased tree growth by Fe
additions are rare in forestry. Deficiencies of Cu and Mn are also rare in
forestry and Mo deficiency in forests has not been reported (Stone, 1968).
SOIL FERTILITY AND NUTRIENT CYCLING

Many forest trees have a relatively low net annual nutrient require
ment, enabling them to thrive on soils of lower fertility than required by
cultivated crops. A deep root system and the symbiotic association of
mycorrhizal fungi with the roots may also help trees survive under ad
verse fertility conditions. To be sure, the annual nutrient absorption
by trees may not be much lower than that by an equal area of agronomic
crops, but cycling of nutrients by leaf fall and natural branch pruning
and nutrient leaching from live tissue result in a low net annual re
moval of nutrients from the soil. The annual retention of nutrient ele
ments within the biomass is much less than what is returned to the soil
by litter fall. For example, Ovington (1965) reported an annual uptake
by a beech forest of 34, 84, 12, 3.3, and 40 kg/ha, respectively, of K,
Ca, Mg, P, and N. However, about 30, 74, 11, 2.6 and 37 kg/ha were
returned annually in the litter fall. Rennie (1957) estimated that
i Unpublished data of the author.
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about 1/20 as much P, 1/SO as much K, and 1/5 as much Ca was removed
in the harvest of one hundred years’ growth of pine forest as that re
moved by a rotation of oats, grass, potatoes, and turnips during an
equal period.
The speed with which an added nutrient is removed from the eco
system by leaching or gaseous losses, or is biologically inactivated in the
tree or as surface litter, appears to be an important criterion in deter
mining the appropriate stage of tree growth for applying that nutrient
and the frequency with which it must be applied. This, in turn, is
influenced by the nature of the tree and stand development. For ex
ample, P does not leach to any great extent—even in sandy soils. Al
though its solubility may be low in add soils with high Fe and A1
contents (or in high caldum soils), the mycorrhizae may render these
insoluble phosphate forms available to trees. If a large part of applied
P stays available in the ecosystem by continuous cycling and continues
to stimulate increased tree growth throughout the rotation period, as
some reports have indicated (Moulds, 1957; Ovington, 1965), then
P fertilizers should logically be applied at, or soon after, planting. Phos
phorus, added to P-deficient soils, promotes root development which
gives young seedlings a vigorous start and results in an annual return on
the investment over many years. In a test in west Florida, slash pine
which received one ton/acre (2242 kg/ha) of 2-12-2 fertilizer at plant
ing averaged thirty-four cords/acre at fourteen years, while unfertilized
trees averaged only five cords on a P-defident soil.*
Potassium, Ca, and Mg also appear to have a rather long-term effect
on tree growth in areas where these nutrients are defident (Heiberg
et al., 1964; Mustanoja and Leaf, 1965).
The effect of added N on tree growth, on the other hand, is apparently
short lived. Nitrogen may be lost from the ecosystem by leaching before
full occupancy of the site or by volatilization in burning, and reportedly
(Binns and Grayson, 1967), an application of N stimulates tree growth
for only five to seven years. It is doubtful that N should be applied to
young trees, espedally on dry sandy soils, even though the soils are de
fident in this nutrient. Any fertilizer N not lost by leaching by the time
roots have developed suffidently to absorb it may aggravate competition
for soil moisture by stimulating weed growth.
Competition for moisture may be of little importance on wet sites.
On these soils, weedy vegetation may actually hold the fertilizer against
early leaching losses. However, even on these sites, the greatest po2Unpublished data in Fla. Agr. Exp. Sta. Progress Rep., 196&-67.
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tential appears to be in an application of N fertilizer at five to seven
years before harvest. The high cost of N materials would tend to make
repeated applications at 5- to 7-year intervals uneconomical under pres
ent conditions.
The question of whether fertilizers can increase site index of a de
ficient soil, based on tree height at a given age, is probably academic.
To a great extent it depends on whether only a long-term, or permanent,
increase in productivity is to be considered an increase in site index.
Fertilizers generally do not need to be applied to trees as frequently as
to cultivated crops, due to cycling within the forest ecosystem and to the
fact that there are relatively small losses of nutrients by tree harvest.
Consequently, a single application may result in a significantly shorter
rotation period. Nutrients such as P, K, and Ca may continue to in
crease productivity throughout the rotation period, but to effect a
long-term improvement in soil fertility beyond a single rotation will
undoubtedly require subsequent replacement of nutrients lost or re
moved in the harvested trees (or lost from the site as a result of pre
scribed burning).
In the N fertilization of established stands, a decision must be made
on whether available funds can best be invested in fertilizing stands
showing a large current increment (good stocking and high site quali
ty) , as suggested by Hagner (1966), or in fertilizing stands making the
poorest rate of growth. Fertilizer additions stimulate tree growth rate
through an increase in carbohydrate production. Photosynthesis is ap
parently increased as a result of a greater surface area (leaf) brought
about by fertilization or by improved efficiency of the existing photo
synthetic area. Considering that a well-stocked, mature stand already
has a near maximum leaf area, it appears that increases in carbohydrate
production after fertilization of these stands must result primarily from
improved efficiency.
It is not difficult to envision increased photosynthesis per unit leaf
area when the N fertilizer helps correct chlorosis in the leaves. But
vigorously growing stands seldom exhibit chlorosis associated with nu
trient deficiencies. On the other hand, one should expect a substantial
increase in rate of photosynthesis, as well as increase in leaf area, from
nitrogen applications to deficient or stagnant stands (Gessel and Shareeff, 1957). If this is indeed true, then the greatest per cent increase in
growth should result from N applications to slow-growing, stagnant
trees, rather than from applications to vigorous stands. Of course, this
would not hold if some factor other than N deficiency is limiting
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growth, such as poor soil physical properties, adverse moisture condi
tions, or the deficiency of other nutrients.
SITE PREPARATION AND DRAINAGE

Fertilizer application is the most commonly used method for improving
the nutrient status or fertility of a soil; however, some kinds of site
preparation or manipulation may also improve productivity through
increased availability of nutrients. One apparent benefit from site prep
aration is the reduction in competition for nutrients, as well as for light
and moisture, through control of weedy vegetation. Site preparation
may be a particularly worthwhile practice on both droughty and in
fertile sites.
Haines and Pritchett (1965) reported that pine seedlings planted on
ridged or bedded Leon fine sand grew at a significantly faster rate than
seedlings planted on non-bedded areas. The bedding operation con
centrated the surface debris and the A t soil horizon in the ridge, forming
a favorable environment for tree root development. However, the in
crease in available nutrients in the ridge, as a result of decomposition
of the concentrated organic materials, was apparently of greater benefit
to the young trees than changes in physical conditions of the environ
ment. These conclusions may not hold for very wet sites where ridging
is a form of drainage and may be of primary benefit in keeping seedling
roots out of water-logged soil until the trees become established.
An important benefit of draining some wet sites may well be an in
crease in nutrient supply to the trees, as a result of deeper penetration
by roots and more rapid mineralization of soil organic matter. For ex
ample, on undrained Bladen soil (Fig. 24) in western Florida, slash
pine fertilized with 20 kg P/ha grew as rapidly as unfertilized pine
planted along drainage ditches.3 When this soil was used in pot studies
where moisture was kept at a near optimum level, the response to N
and P additions was not as striking as under high water table conditions
in the field.
In a field study where water table of Leon fine sand was maintained at
(a) 45 cm, (b) 90 cm, or (c) allowed to fluctuate without control, the
effect of fertilizers on the growth of slash and loblolly pines was influ
enced by the water table (Table X ). Fertilizer was applied at time of
planting in 1964 at the rate of 450 kg diammonium phosphate (1848-0) per hectare. Water tables were controlled in main-block treat
ments by a system of tile drains which permitted the entrance of water
^Unpublished data of the author.
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24. Six-ycar-old slash pine plantation on Bladcn-Rains soil, showing poor
growth on this poorly-drained and phosphate-deficient soil.

F igure

during dry periods and the exit during wet periods. Where no at
tempt was made to control the water table, it fluctuated from a few
centimeters below the surface during some periods of summer and fall
to as much as several feet below the surface during the winter and
spring. Table X shows the average effect of water table control on the
height of the two species after three years and the percent increase in
height associated with the fertilizer application.
These data are not meant to suggest that drainage problems of wet
sites can be eliminated by the use of fertilizers. A shallow root system
associated with a high water table may result in other problems, such
as increased wind damage. The data do imply that poorly drained areas
may be especially responsive to fertilizer treatments. In addition, fer
tilization may in itself improve local drainage through its effect in
stimulating the production of transpiration surfaces.
CONCLUSIONS

The results from rather preliminary research efforts in forest fertiliza
tion in the Southeast, after earlier and more extensive work in Australia,
New Zealand, Germany, Sweden, and other European countries, indi-
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cated that there are extensive areas where soil fertility improvements
will result in increased tree growth. However, it is equally apparent
that not all of the principles involved in improving the fertility of cul
tivated soils apply to forest soils. There is a critical need for further re
search into basic aspects of fertilization and nutrition of forest trees, as
well as applied research on methods, rates, and materials. The need for
answers to these problems increases as the demand for forest products
T a ble X

The average effect of water table and fertilizers on the
height of 3-year-old slash and loblolly pines
on Leon fine sand.
Species
Slash
Loblolly
Slash
Loblolly

45 cm

Height of water table
Uncontrolled
90 cm

Av. height of trees (cm)
258
234
160
234
186
96
Increase in height with fertilizers (per cent)
30
41
17
44
13
23

increases, and as forests are relegated to less productive sites as a result
of a shrinking land base. Higher land taxes and increased labor, man
agement, and equipment costs dictate that the most efficient use be
made of all resources. The necessity for making more effective use of
forest lands has speeded the recent adoption of many new and rather
revolutionary management practices. It appears rather certain that
fertilization will become one of those practices and will play an impor
tant part in the management of large areas of southern forests of the
future.
Discussion
Question:

In view of the lack of standardization of soil tests,
should we continue to use soil tests or go to tissue
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testing to arrive at fertilizer recommendations in for
estry?
The two elements that are the most likely to be used
in the fertilizing program in the Southeast are nitro
gen and phosphorus. For nitrogen, I would say that
the possibility of the soil tests are not good at all,
but the possibility of using tissue tests are pretty good,
because nitrogen is limiting to some degree on many
sites here in the Southeast in old established stands.
As far as phosphorus is concerned, a soil test will
have to be used if phosphorus is to be applied at time
of planting. But in old, established stands, stagnant
stands, so to speak, if you want to apply phosphorus
there, it looks like the tissue test would be better
than the soil test for those areas.
How do you explain the difference in response to
phosphorus on poorly drained versus well-drained
soils?
We can not presently explain this difference in re
sponse, except where there is a real difference in the
level of available soil phosphorus between the two
areas. We suspect that the greater growth response
to phosphorus applied to the poorly drained sands
is related to inadequate mycorrhizal root develop
ment, or to oxidation-reduction conditions on phos
phorus availability in the poorly drained sands.
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A great deal of emphasis today is being placed on tree improvement.
The forest geneticists are searching diligently for superior strains of
forest trees. Hopefully, the improved trees will result in higher yields
and improved quality, thus increasing the economic usefulness of for
est lands.
Improved tree species, like the genetically superior plant species de
veloped for agricultural use, require special care in site selection and
management if the economic objective is to be attained. The forest
manager must be proficient in the evaluation and manipulation of all
the environmental factors associated with tree quality and volume
yield in order to achieve the economic advantages of improved trees.
Through the process of natural selection, the southern pine region is
endowed with a wide range of species; each of the several species is
well adapted to specific environmental conditions. Disturbance of these
environmental factors by natural phenomena or by man’s action may
affect the economic output of the forest, either favorably or unfavorably.
Thus there is a danger in interpreting response to environmental
changes when confounded by genetic variation. The forest manager must
fully comprehend all of the factors that may account for a variation in
response of a given species on a given site if such genetic fallacy is to
be avoided.
A number of practices can be successfully used to modify growing
conditions in southern forests in order to produce the quantity and
quality of forest products and uses dictated by private and public policy.
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The use of fire to control brush competition in pine stands is an excel
lent example of an environmental modification that is now standard
practice. Drainage of wet lands, conversion of low-grade hardwood areas
to more profitable pine stands, and improvement of soil fertility by the
application of commercial fertilizers also may be successful if carried
out with good judgment.
The ever-increasing encroachment of urban and industrial develop
ments, interstate highways, public flood control and water resource proj
ects, and similar operations are rapidly shrinking commercial forest
area. Yet the demands for wood and other forest products and uses
continue to climb. So we need to explore every avenue by which we
can increase the productivity of every acre for a variety of products and
uses. What may not be feasible or economical today may well become so
tomorrow, as Mr. Schores stated so aptly. But we need to use good
common sense and sound reasoning when trying to change the forest
environment. As Mr. Silker pointed out, we should not apply practices,
even though they may be economical ones, on sites where other factors
of the environment may preclude success in accomplishing our ob
jectives.
Dr. Maki mentioned the need for preventing drainage of sites which
can and should grow high-quality swamp hardwoods. Certainly, foresters
as professional, natural-resource managers need to take a firm stand to
maintain such areas in their natural state. Irrigation of forest stands, on
limited areas to be sure, may nevertheless be very useful in increasing
tree growth as well as disposing of industrial waste waters which now
pollute our rivers and streams. Commercial fertilizers offer a tremendous
potential in southern forests. But again, let's know what we are doing
before we use them.
Our degree of success in manipulating southern forests depends on
how well we understand basic ecological principles, natural successional
trends, and genetic variations. Make use of Nature and her inclinations
and be successful—disregard her and you will in all likelihood fail.

APPENDIX
S C IE N T IF IC N A M E S O F T R EES*

Common N am e

Scientific Name

Ash, green
Ash, white
Aspen, trembling (quaking)
Baldcypress
Basswood, Carolina
Beech, American
Beech, blue
Birch, river
Blackgum (black tupelo)
Boxelder
Cherry, black
Chinkapin, Ozark
Cottonwood, eastern
Cucumbertree
Dogwood, flowering
Dogwood, roughleaf
Douglas-fir
Elm, American
Elm, winged

Fraxinus pennsylvanica Marsh.
Fraxinus americana L.
Populus tremuloides Michx.
Taxodium distichum (L.) Rich.
Tilia caroliniana Mill.
Fagtis grandifolia Ehrh.
Carpinus caroliniana Walt.
Betula nigra L.
Nyssa sylvatica Marsh.
Acer negundo L.
Prunus serotina Ehrh.
Castenea ozarkensis Ashe
Populus deltoides Bartr.
Magnolia acuminata L.
C om us florida L.
Comus drumm ondii C. A. Meyer
Pseudotsuga menziesii (Mirb.) Franco
Ulmus americana L.
Ulmus alata Michx.

•The reference used for the scientific name* of trees discussed in the text is the 195S
Check List of Native and Naturalized Trees of the United States (Including Alaska)
by E. L. Little, Jr. (Forest Serv., U. S. Dep. Agr., Agr. Handbook No. 41. U. S. Gov.
Printing Office, Washington, D. C.)
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Common Name
Fir, balsam
Hackberry
Hickory, black
Hickory, shagbark
Holly, American
Ironwood
Loblolly-bay
Magnolia, southern
Maple, Florida
Maple, red
Maple, silver
Maple, sugar
Mulberry, red
Oak, black
Oak, blackjack
Oak, bluejack
Oak, cherrybark
Oak, chinkapin
Oak, Delta post
Oak, laurel
Oak, live
Oak, northern red
Oak, Nuttall
Oak, overcup
Oak, post
Oak, scarlet
Oak, Shumard
Oak, southern red
Oak, swamp chestnut
Oak, turkey
Oak, water
Oak, white
Oak, willow
Pecan
Persimmon, common
Pine, eastern white
Pine, loblolly
Pine, longleaf
Pine, Monterey

A P P E N D IX

Scientific Name
Abies balsamea (L.) Mill.
Celtis occidentalis L.
Carya texana Buckl.
Carya ovata (Mill.) K. Koch
Hex opaca Ait.
Ostrya virginiana (Mill.) K. Koch
Gordonia lasianthus (L.) Ellis
Magnolia grandiflora L.
Acer barbatum Michx.
Acer rubrum L.
Acer saccharinum L.
Acer saccharum Marsh.
Morus rubra L.
Quercus velutina Lam.
Quercus marilandica Muenchh.
Quercus incana Bartr.
Quercus falcata var. pagodaefolia Ell.
Quercus muehlenbergii Engelm.
Quercus stellata var mississippiensis (Ashe)
Little
Quercus laurifolia Michx.
Quercus virginiana Mill.
Quercus rubra L.
Quercus nuttallii Palmer
Quercus lyrata Walt.
Quercus stellata Wangenh.
Quercus coccinea Muenchh.
Quercus shumardii Buckl.
Quercus falcata Michx.
Quercus michauxii Nutt.
Quercus laevis Walt.
Quercus nigra L.
Quercus alba L.
Quercus phellos L.
Carya illinoensis (Wangenh.) K. Koch
Diospyros virginiana L.
Pinus strobus L.
Pinus taeda L.
Pinus palustris Mill.
Pinus radiata D. Don
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Common Name
Pine, pinyon
Pine, pond
Pine, ponderosa
Pine, red
Pine, sand
Pine, Scotch
Pine, shortleaf
Pine, slash
Pine, spruce
Pine, Virginia
Pine, western white
Redbay
Redbud, eastern
Redcedar, eastern
Sassafras
Saw-palmetto
Spruce, white
Sugarberry
Sweetbay
Sweetgum
Sycamore, American
Titi, black
Titi, white
T ree-huckleberry
Tupelo, black
Tupelo, swamp
Tupelo, water
Walnut, black
Waxmyrtle
White-cedar, Atlantic
Willow, black
Willow, sandbar

Scientific Name
Pinus edulis Engelm.
Pinus serotina Michx.
Pinus ponderosa Laws.
Pinus resinosa Ait.
Pinus clausa (Chapm.) Vasey
Pinus sylvestris L.
Pinus echinata Mill.
Pinus elliottii Engelm.
Pinus glabra Walt.
Pintts virginiana Mill.
Pinus monticola Dougl.
Persia borbonia (L.) Spreng.
Cercis canadensis L.
Juniperus virginiana L.
Sassafras albidum (Nutt.) Nees
Serenoa repens (Bartr.) Small
Picea glauca (Moench) Voss
Celtis laevigata Willd.
Magnolia virginiana L.
Liquidambar styraciflua L.
Platanus occidentalis L.
Cliftonia monophylla (Lam.) Britton
Cyrilla racemiflora L.
Vaccinium arboreum Marsh.
Nyssa sylvatica Marsh.
Nyssa sylvatica var. biflora (Walt.) Sarg.
Nyssa aquatica L.
Juglans nigra L.
Myrica cerifera L.
Chamaecyparis thyoides (L.) B. S. P.
Salix nigra Marsh.
Salix interior Rowlee

Y ellow-poplar
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